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This thesis is concerned with the preparation of 
regiospecifically labeled compounds by homogeneous metal 
catalysed hydrogen isotope exchange reactions.
The features of homogeneous hydrogen isotope exchange 
reactions are discussed in Chapter 1, along with other 
exchange methods; acid, base, heterogenous metal, radiation, 
enzymic and zeolite catalysis.
In Chapter 2, homogeneous rhodium trichloride is 
investigated for regiospecificity of tritium labeling in a 
wide range of aromatic compounds. High regiospecificity of 
labeling ortho to carboxyl, carboxamide and methanamide 
groups is found, with the regiospecificity determined by 3H 
nmr spectroscopy. Also discussed is a study to determine 
whether any other Group VIII metal complexes will catalyse 
the ortho tritiation of benzoic acid, in addition to rhodium 
trichloride,
The results of detritiatlon studies performed on benzoic 
acids using ruthenium acetylacetonate as catalyst as a model 
for rhodium trichloride are presented in Chapter 3. A 
possible reaction mechanism is also presented.
Finally, an application of the rhodium trichloride system to 
the labeling of biologically useful molecules is discussed 
in Chapter 4. The deuteration and tritiation of a number of 
drugs and metabolites containing known ortho directing 
groups is described. In a large number of cases, the 
regiospecificity for ortho labeling is very high.
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Tritium and 1 labeled compounds are widely used in the 
Chemical and Life sciences, The preparation of 14C compounds 
often involves long and complex synthesis which may be 
demanding in both time and skill. However to the biochemist, 
this disadvantage is more than offset by knowing that that 
the label will not be lost under normal conditions during 
the course of an experiment. Tritium1 and deuterium2 labeled 
compounds, by contrast, can often be prepared by simple one 
step synthesis and are often prefered by the chemist for 
this reason, and also because he is often more interested in 
their use as tracers in order to study reaction mechanisms. 3
There are nowadays a wide variety of methods for introducing 
tritium or deuterium into a molecule. These can be divided 
into two main groups; namely direct chemical synthesis and 
hydrogen isotope exchange. In direct chemical synthesis, the 
labeled compound is often produced by reaction of a suitable 
precursor with tritium gas over a metal catalyst, such as 
reduction of a double bond or dehalogenation of an aromatic 
compound. Other methods include reduction of various 
functional groups with sodium borotritide or addition 
reactions with compounds such as tritiated methyl iodide. 
For the purposes of this review it is not intended to 
discuss these methods any further, except to note that they
Introducti on
are widely used to produce compounds of very high specific 
activity and that there are many examples in the current 
literature. 7 Hydrogen isotope exchange can be divided
into a number of sub-categories, namely acid, base, metal, 
enzymic, radiation and the recent area of zeolite catalysed 
exchange, which incorporates the properties of both acid and 
metal catalysis, and hence is reviewed in its own section. 
In this review it is intended to give an outline of each 
exchange method.
Acid, Catalysed. Exchange.
Catalysis by Mineral Acids.
The first work in this area was carried out by Ingold s’*10, 
using deuterosulphuric acid as catalyst with .saturated 
hydrocarbons. He found that exchange only occurred when the 
hydrocarbon possessed a tertiary carbon, and that no 
exchange occurred in primary and secondary systems. 
Subsequent work by Burwell t 1- 1® , Beeck 1<s-*s and Kursanov 
13 have confimed the findings of Ingold and suggest that 
the mechanism involves electrophi1ic substitution.
As a consequence of this, acid catalysed exchange is mainly 
used in aromatic systems, and the mechanism is widely 
believed to follow electrophilic aromatic substitution, with 
or T*4* acting as the electrophile. The extent of labeling 
is generally governed by the relative ability of the acid
reagent to present an electrophilic species to the 
substrate. The distibution of the isotope is predominantly 
ortho and para, since most substituents direct electrophiles 
in that way. Substrates with electron donating groups tend 
to react better than those with electron withdrawing groups, 
which is also a prominent feature of electrophilic aromatic 
substitution.
Tritiated sulphuric acid has recently been used to label 
homovani 11 ic acid with the label present in both the ring 
positions and in the methylene protons.20
CHXOOH
OMe
THSOd 
105°C 22h
The reaction was originally performed using deuterium21 
under almost identical conditions and the position of 
tritium labeling was determined from these experiments. A 
stability check perfomed using 0.1M sodium hydroxide showed 
some loss of label which tends to suggest loss from the 
methylene position, which can usually be labeled effectively 
using a base catalysed method. It is worth mentioning here, 
that the distribution of tritium could be checked very 
quickly by the use of tritium nuclear magnetic resonance 
spectroscopy,22 rather than assuming that the deuterium
_ 4 -
results would match the tritium results. Sulphuric acid has 
also been used to label long chain fatty acids in the ex­
position. 23
Tritiated hydrochloric acid has also been widely used as a 
catalyst and was used to label dopamine in the ring protons. 
The specificity of labeling was checked by tritium nmr, 
which also confirmed that the side chain was unlabeled. 24-
The same catalytic system has been used by Angelini in
the labeling of a series of substituted cinnamic acids. In 
this case the aldehydes were labeled and then converted to 
the cinnamic acid via the Doebner modification of the 
Knoevenagel condensation reaction.
CHO CHO CH=CHCOOH
Apart from the conventional inorganic acids, organic acids 
can successfully be used to label aromatic and tertiary 
systems. These include trifluoroacetic and
heptafluorobutyric acid. Recent examples with
trifluoroacetic include the labeling of gossyptol with 
deuterium and tritium by Ostpanovic27 and a mechanistic 
study of the detritiation of substituted uracils by Noll,2®
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When the reaction was carried out with an excess of 
trifluoroacetic acid, the mechanism was seen to follow first 
order kinetics. The substituent effect indicated that the 
mechanism followed the usual electrophi1ic path, with 
electron donating groups enhancing the rate and electron 
donating groups retarding it.
Heptafluorobutyric acid (HFBA) was recently developed by 
Hanslik23 as an alternative to the rhodium trichloride 
acetic acid system30 due to the poor solubility of 
imipramine in acetic acid.
HFBA TgQ r 
115 C 5d
CH2CH2CH2NMe2
HFBA was also tested as a catalyst with a number of other 
aromatic compounds and it was found to be an excellent 
solvent with high acidity, a high boiling point, and had 
good thermal stability. It also has the advantage of a 
single proton per molecule enabling very high specific 
activities to be reached. The mechanism of labeling follows 
the conventional electrophi1ic aromatic substitution 
mechanism, as it is found that compounds containing electron 
withdrawing groups do not label to any great extent.
- 6 -
One other group of acids worth mentioning in this section 
are the complex acids, of which the most widely used is 
T (FsBQPQsHss) . The properties of the acid were investigated 
by Hamada31 when its reactivity was compared to hydrochloric 
and perchloric acid systems. In general it was found that 
the reactivity of the complex acid was some 200 times 
greater than the mineral acids and that compounds such as 
benzene and naphthalene, which are normally inactive to acid 
catalysis, were labeled easily. The reagent is prepared by 
adding THQ to phosphoric anhydride to form tritiated 
phosphoric acid, followed by the addition of gaseous boron 
trifluoride. This complex has also successfully been used'to 
label insulin at room temperature, where the elevated 
temperatures required for conventional acid catalysis would 
probably lead to decomposition of the insulin. 3:2
Finally in this section, it is worth looking at an 
interesting example where acid catalysis has been used to 
label Y-carboxyglutamic acid residues, in proteins. 1331 y- 
carboxyglutamic acid is a vitamin K dependent amino acid 
which binds calcium ions, and it was labeled with tritium 
under acidic conditions using an acetate buffer at pH 5 over 
a period of 24 hours,
The reaction was stopped using a pH 11 buffer containing 
ammonia and guanidine hydrochloride, It is worth noting for 
the label to remain in the molecule, the pH of the test 
system must be accurately known. Should the pH fall to below 
pH 5, the label would exchange out very easily. This in 
itself is the disadvantage of acid catalysis, that should 
similarly acidic conditions be encountered, the label would 
be lost. However as most of the labeling systems employ 
highly acidic reagents, this does not normally prove to be a 
problem.
Lewis?. Ac id Catalysed Exchange.
Lewis acid catalysed exchange is an extension of the mineral 
acid methods and has been investigated to find more reactive 
catalytic species. The first such system used was tritiated 
water promoted aluminium chloride, which was looked at by 
Mantescu, Genunche and Balaban. They found that the
aluminium chloride catalyst would label a wide range of 
benzenes, pyridines, pyrimidines, slightly soluble compounds 
and saturated hydrocarbons.
In these studies they found that their catalyst would label 
benzene ten times faster than the complex acid T(FsBQFOsHs) 
and was 2,000 times faster than tritiated sulphuric acid. 
Further it was found that pyridine would label easily with
- 7 -
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water promoted aluminium chloride at 40°C, whereas with 
sulphuric acid, it was found to be inactive.
In general work has been published concerning two Lewis 
acids used as rapid labeling catalysts.33'33. 
Perdeuterobenzerie^0 is used as the source of deuterium 
isotope and for tritium, high specific activity water is 
used.33
In a typical deuteration experiment, perdeuterobenzene would 
be added to the substrate, followed by a small amount of 
catalyst. The reaction would usually be carried out under 
nitrogen, and if the reagents were anhydrous, a trace of 
water or HC1 was required to act as a co-catalyst. The 
reaction would normally be completed in several minutes at 
room temperature, and an excess of water would be added to 
destroy the catalyst and quench the reaction.
In the tritiation proceedure41-42 the reaction was performed 
by hydrolysing the catalyst with traces of tritiated water, 
and in this way, tritium would be incorporated into the 
substrate.
Of the Lewis acids investigated, the alkylaluminium 
chlorides have been found to be the most effective. These in 
general are much faster than Balaban's method.3'4- For 
example, when chlorobenzene, was reacted with aluminium
- 9 -
chloride and tritiated water, equilibrium was still not
ethylaluminium dichloride was virtually Instantaneous at 
room temperature.33
One of the characteristics of this reagent, is the lack of 
selectivity of orientation in labeled products. In 
aroraatics, the isotope is distributed randomly in the ring, 
suggesting, that the reaction does not fallow a conventional 
electrophilie aromatic substitution.
In the mechanism proposed by Garnett and Long,33 exchange is 
believed to occur by an electrophilic process, with water or 
HC1 acting as a co-catalyst.
Although there is strong evidence to support the idea of a 
x-bonded charge transfer complex between the aromatic and 
the metal atom in Lewis acid halides,'43'"*"* there is still 
some uncertainty as to whether proton attack takes place 
while the aromatic is still complexed to the aromatic. The 
catalytic proceedure shows poor reproducibility when water 
or less than an equivalent of HC1 is used as co-catalyst. It
achieved after 3 hours at 100°C, whereas reaction with
HCI ♦ EtAICl2
-  -10 -
is likely that water destroys the catalyst in a competing 
reaction, to prevent species <I) being farmed. Normally it 
is necessary to use an excess of HC1 to ensure all the 
ethylaluminium dichloride is converted to species <I>.
Ethylaluminium dichloride has been used to label a series of 
hydroxybenzE a] pyrenes45 and cyclopentaE c , d3 pyrene , ■4-3 With 
cyclopentaCc,dl pyrene <CPP), the initial attempt to label it 
directly with ethylaluminium dichloride and tritlated water 
resulted in the production of mostly diameric products due 
to the extreme reactivity of the 3,4-exocyclic double 
bond. To get around this problem, the reaction was
performed on 3,4-dihydrocyclopentaCc,d]pyrene, followed by 
oxidation with excess 2,3-dichloro-5,6-dicyano-l,4- 
benzoquinone <DDQ). The chemical and radiochemical purity of 
the final product was better than 98%,
In these reactions and in the tritiations of 1,3,5- 
trimethoxybenzene and 1, 4-dimethylnaphthalene, a43 the usual 
relationship between the specific activity of the compound 
achieved and the activity of the isotopic water was 
observed.
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Despite all the advantages af ethylaluminiura dichloride, it 
does suffer from one drawback, as rearrangement of xylenes, 
diethylbenzenes, dihalobenzenes and halatoluenes has been 
noted by Garnett and Long. However in some cases it is 
possible to prevent the rearrangement by carefully 
controlling the amount of HC1 co-catalyst.
Because of this problem, boron tribromide has been developed 
as an alternative to ethylaluminiura dichloride. It can be 
used for the deuteration and tritiation of a wide range of 
aromatic compounds.®0 Exchange was found to proceed rapidly 
under fairly mild conditions <70°C) and few by products were 
formed. The method was found to favour ortho and para 
labeling, and compounds containing electron withdrawing 
groups, did not react to any great extent. This suggests 
very strongly, that the mechanism fallows a conventional 
electrophilic aromatic substitution path. The reason for the 
difference between boron tribromide and ethylaluminiura 
dichloride is not clear, but the difference is probably due 
to strong charge transfer complexatlon in the aluminium 
system.3,3 A good example of this difference can be seen in 
an experiment conducted on bromobenzene, where it was 
labeled with tritium using ethylaluminiura dichloride and 
boron tribromide. The values were adjusted to take
statistical factors into account.52
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BBr3 EtAlCl^
Br Br
1(0CM 
CO 6
47 25
Baron tribromide and ethylaluminlum dichlorlde have also 
been compared as catalysts in the labeling of steroids. In 
general the boron catalyst was found to be better as it gave 
higher specific activities and fewer impurities. However 
both catalysts, gave high specific activity products in 
about 2 hours at room temperature,33
Although most of the work on the Lewis acids has been 
concerned with aromatic .compounds, some work- has been done 
on saturated hydrocarbons with ethylaluminium dichlorlde as 
catalyst.*2 In general, longer reaction times <65 hours) and 
higher temperatures (964C) are required and labeling is 
confined to the labeling of hydrocarbons with a tertiary 
carbon. Alkanes without a tertiary carbon are not in general 
labeled.However, work carried out using tritium nmrs* 
spectroscopy, has shown that although the tertiary hydrogen 
is by far the most reactive, label is also present in the 
secondary and primary sites. This can be illustrated by the 
relative amounts of tritium incorporated per site in 2,3- 
dimethylpentane (II), 3-methylpentane (III) and
methyleyelohexane (IV), which were labeled with
ethyl'aluminium dichloride and tritiated water. The alkane 
probably interacts with the catalyst through the weakest C-H 
tertiary bond to form a partial or full carbonium ion, in 
which charge can be redistributed by proton migration or 
exchange. Hence it can be seen that general labeling of 
alkanes can occur.
CH3 CH3  CH3
I I I
CH3CH CH c h 3  c h 3 c h 2ch c h 2 c h 3
8-5 6-9 21 7-2 5-6
( I I )  ( I I I )
Miscellaneous Acid Catalysis.
Other methods of acid catalysed exchange have involved the 
use of gamma irradiated silicas and dehydrated aluminas. In 
the first method, silica gel is degassed under vacuum at 
high temperature and then exposed to a gamma source. Tritium 
gas is then added, followed by the substrate to be labeled. 
From the compounds looked at, both aromatic and aliphatic, 
the mechanism is thought to proceed by an electrophilic 
mechanism, with weak complexation to aluminium sites during 
T*4" attack on the substitution site. SS_S7 Dehydrated alumina 
has been used to label simple alkanes with deuterium, with 
the mechanistic evidence pointing to carbanionic 
intermediates and a linear relationship between the acidity 
of the hydrocarbon and the exchange rate has been observed.
28
CH, 13-3
3-2
( IV)
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It is also possible to label aromatic hydrocarbons by this 
method,
In summary acid catalysis has proved to be a versatile 
method for the labeling of a wide range of organic 
compounds, although it is generally more useful for labeling 
aromatics. The Lewis acids are particularly useful, with 
good incorporation of isotope achievable in a few minutes at 
room temperature. Acid catalysis, in general works well with 
aromatic compounds with electron donating substituents, and 
to label those aromatics with electron withdrawing groups, 
another method must be sought, as these compounds are 
virtually inactive to acid catalysed exchange.
Base, Catal ysed Exchange
Virtually all organic compounds are. carbon acids, that is to 
say if a sufficiently strong base is used, ionisation of the 
carbon acid will occur. Hence if this reaction is carried 
out in the presence of deuterium or tritium, exchange will 
take place.
I .  v  I-
RCH + B ^  RC + BH
I I
RC“ * TA RCT * A '
i I
The degree of labeling in base catalysed exchange is 
dependent on two factors, the strength of the carbon acid 
and the basicity of the reaction medium. Hence it can be 
seen that a compound labeled by this method can only safety
-  15 -
be used when the pH of the conditions to which the label is 
being subjected is known. The same equally applies to acid 
catalysed exchange.
The acidities of carbon acids vary greatly, and they can be 
classified into three groups depending on the reaction 
conditions required to achieve labeling. Hence some carbon 
acids will label at a neutral pH, some require basic 
conditions and the very weak carbon acids require the use of 
highly basic conditions (above pH 14).
Under purely aqueous conditions the strongest base that 
exists is the hydroxide ion. It is found that it is strongly 
hydrated by, on average, three water molecules which clearly 
inhibit its ability to act as a base. However if a dipolar 
aprotic solvent such as dimethylsulphoxide is added to a 
0.01M solution of tetramethylammonium hydroxide in water the 
acidity function H_, which measures the ability of a base to 
abstract a proton from water, was found to increase from 12 
under purely aqueous conditions to 26 in 99.5% 
dimethylsulphoxide. This is an increase of 101* in basicity, 
and is caused by the fact that the hydroxide ion becomes 
less solvated.s 1 Other aprotic solvents such as 
dimethylformamide may be used but are not as effective. Also 
used are alkoxide ions which are used in conjunction with 
dimethylsulphoxide, amine salts in liquid ammonia or an 
amine solvent such as eyelohexylamine.
-  16 -
The kinetics of base catalysed exchange have been 
extensively studied,®2-®® and the expected correlation 
between the acidity of the carbon acid and the rate of 
detritiation has been found, with the stronger the acid the 
faster the rate. This observation tends to hold best when 
similar structures with different activating groups are 
studied, such as the work carried out on diethylmalonate by 
Jones.®2 In this work the rate of detritiation of the 
diethyl compound was compared to malonates with other 
substituents, such as cyano and sulphonylmethyl. As expected 
it was found that the malonates with the most powerfully 
electron withdrawing groups <the strongest acids) gave the 
fastest detritiation rates,
CHa (C.OaEt)2 CHs (CEP a
pK° 13.3 11.19 14.56
ki/sec 2.45x10“® 2.86xl0~2 3.5x10“®
In terms of the mechanism of base catalysed exchange, it is 
found that for the more acidic carbon acids (those with a 
pKa of <10) general base catalysis is observed. As the 
carbon acid becomes weaker, specific base catalysis becomes 
important until it becomes exclusive with very weak carbon 
acids. It is found with these very weak carbon a d d s  in 
highly basic media, the rate enhancement due the the
c
addition of dimethylsulphoxide i *3 greatest (up to 1011), 
with the consequence that even aromatic protons, which are
- 17 -
pKa. SL.ap.2-
18. 5 o o
22. 1 0. 56
.23. 4 0. 74
—32 0. 93
feebly -acidic, -can be exchanged. This point has been 
illustrated by Jones in the study of the detritiation of 
fluorenes in hydroxide water solutions containing varying 
amounts of dimethylsulphoxide.33
Slopes, of. Log. k. ss. H_ correlations £.or_. varJL.Q.u,s. oar-baji. ag.Lsls.. 
gar.b.o.ii. ac.ld.
9-pheny1f1uorene 
fluorene
9-t-butylfluorene 
dimethylsulphoxide
The slope is a measure of the rate enhancement due to the 
addition of dimethylsulphoxide, and it can be clearly seen 
that the weaker the acid, the greater the rate enhancement. 
The data far dimethylsulphoxide is included far comparative 
purposes.
Hence it can be seen that as it is possible to vary the 
basicity of the medium by such a large amount, the range of 
compounds that can be labeled by base catalysed exchange is 
very large indeed.
For example in the case of the purines <V) , labeling is 
carried out by reaction with trltiated water at 8 5 °C for 24 
hours. The kinetics of this system and the related 
imidazoles <VI) have been well studied. 67-69
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o >  a
h  rt
(V) (VI)
H e n c e  l o o k i n g  a t  t h e  p u r i n e s ,  m u c h  o f  t h e  w o r k  h a s  c e n t r e d ,  
a r o u n d  p H  r a t e  p r o f i l e s ,  w i t h  t h e  r e s u l t s  s h o w i n g  t h a t  t h e  
H ( 7 )  p r o t o n a t e d  f o r m  ( V I I )  a n d  n o t  t h e  p u r i n e  m o l e c u l e  
i t s e l f  i s  d e p r o t o n a t e d .  T h e  p r o t o n a t e d  s p e c i e s  i s  f a r m e d  
v e r y  r a p i d l y ,  w h i l e  i t s  c o n v e r s i o n  i n t o  t h e  y l i d e  ( V I I I )  i s  
t h e  r a t e  d e t e r m i n i n g  s t e p  o f  t h e  r e a c t i o n .
y >
R it R i*
(VII) (VIII)
A l s o  o f  i n t e r e s t  a r e  t h e  d i f f e r e n t  p H  r a t e  p r o f i l e s  o b s e r v e d  
f o r  p u r i n e  a n d  9 - a l k y l p u r i n e , I n  t h e  f i r s t  c a s e  p u r i n e  c a n  
e x i s t  i n  t h r e e  f o r m s ,  a  p r o t o n a t e d  U 7 ’*' f o r m  w h i c h  i s  t h e  
r e a c t i v e  s p e c i e s ,  a  n e u t r a l  f o r m ,  a n d  a n  a n i o n i c  f o r m  ( f r o m  
U 9  i o n i s a t i o n )  . A t  l o w  p H  t h e  p r o t o n a t e d  f o r m  e x i s t s ,  h e n c e  
i n c r e a s i n g  t h e  h y d r o x i d e  i o n  c o n c e n t r a t i o n  i n c r e a s e s  t h e  
r a t e  o f  r e a c t i o n .  T h i s  s i t u a t i o n  c o n t i n u e s  w i t h  i n c r e a s i n g  
h y d r o x i d e  i o n  c o n c e n t r a t i o n  u n t i l  t h e  a m o u n t  o f  t h e  
p r o t o n a t e d  f o r m  i s  d e c r e a s i n g  a t  t h e  s a m e  r a t e  a s  t h e  
h y d r o x i d e  i s  i n c r e a s e d ,  w h i c h  l e a d s  t o  t h e  p l a t e a u  o n  t h e
- 19 -
p l o t .  F u r t h e r  a d d i t i o n  o f  h y d r o x i d e  c a u s e s  i o n i s a t i o n  o f  t h e  
$T9 p r o t o n  t o  f o r m  t h e  a n i o n i c  s p e c i e s .  A s  r e a c t i o n  b e t w e e n  
i t  a n d  h y d r o x i d e  i s  u n f a v o u r a b l e ,  t h e  r a t e  d e c r e a s e s .  H a d  
t h e  n e u t r a l  f o r m  b e e n  a c t i v e  t h e  r a t e  w o u l d  h a v e  b e e n  
e x p e c t e d  t o  i n c r e a s e  s t i l l  f u r t h e r  w i t h  i n c r e a s i n g  a m o u n t s  
o f  h y d r o x i d e .  I n  t h e  N 9  a l k y l  p u r i n e ,  i t  i s  n o t  p a s s i b l e  t o  
f o r m  a n  a n i o n i c  s p e c i e s  a n d  a t  h i g h  c o n c e n t r a t i o n s  o f  
h y d r o x i d e  t h e  r a t e  i n c r e a s e s  d u e  t o  r e a c t i o n  o f  t h e  n e u t r a l  
f o r m  b y  a  d i f f e r e n t  m e c h a n i s m .
B a s e  c a t a l y s e d  e x c h a n g e  c a n  b e  u s e d  t o  l a b e l  m e t h y l e n e
p r o t o n s  a c t i v a t e d  b y  e l e c t r o n  w i t h d r a w i n g  s u b s t i t u e n t s .
T y p i c a l l y  l a b e l i n g  i s  a c h i e v e d  b y  r e a c t i o n  w i t h  t r i t i a t e d
w a t e r  u n d e r  a l k a l i n e  c o n d i t i o n s ,  u s u a l l y  w i t h  h e a t i n g .  I n
k e t o n e s ,  f o r  e x a m p l e  c a m p h o r - 7 0 , e x c h a n g e  o c c u r s  u n d e r
c o n d i t i o n s  i d e n t i c a l  t o  t h o s e  u s e d  f o r  e n o l i s a t i o n ,  a n d  h e n c e  
the,
Am e c h a n i s m  o f  e x c h a n g e  i s  i d e n t i c a l  w i t h  t h e  m e c h a n i s m  f o r  
t a u t o m e r i c  k e t o - e n o l  t r a n s f o r m a t i o n s ,  I n  j 3 - d i k e t o n e s  
e x c h a n g e  i s  e v e n  e a s i e r ,  a s  t h e  r e a c t i o n  p r o c e e d s  r e a d i l y  b y
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r e a c t i o n  w i t h  t r i t i a t e d  w a t e r  a t  r o o m  t e m p e r a t u r e  f o r  2 4  
h o u r s . ^ 1
T h e  k i n e t i c s  o f  e x c h a n g e  i n  . k e t o n e s  h a s  b e e n  i n v e s t i g a t e d  b y  
J o n e s  i n  t h e  s t u d y  o f  t h e  d e t r i t i a t i o n  o f  s u b s t i t u t e d  
a c e t o p h e n o n e s .  72  A w i d e  r a n g e  o f  p a r a  a n d  m eta  s u b s t i t u t e d  
c o m p o u n d s  w e r e  l o o k e d  a t ,  w i t h  t h e  g e n e r a l  o b s e r v a t i o n  t h a t  
e l e c t r o n  w i t h d r a w i n g  g r o u p s  s u c h  a s  n i t r o  e n h a n c e d  t h e  r a t e  
a n d  e l e c t r o n  d o n a t i n g  g r o u p s  s u c h  a s  m e t h o x y  r e t a r d e d  t h el
r a t e .
S u b s t r a t e
p - n i t r o a c e t o p h e n o n e  
a c e t o p h e n o n e  
p - m e t h o x y a c e t o p h e n o n e
1 0 ^ k T
3 5 0
5 6
1 4 .  5
/M- 1 s ” 1 ir p r o p o s e d
0 .  7 2  
0
- 0 .  2 5
T h e  H a m m e t t  p l o t  o b t a i n e d  h a d  a  s l o p e  o f  a p p r o x i m a t e l y  
u n i t y ,  s u g g e s t i n g  t h a t  t h e  p r o c e s s  w a s  s i m i l a r  i n  n a t u r e  t o  
t h e  i o n i s a t i o n  o f  b e n z o i c  a c i d s ,  f r o m  w h i c h  t h e  s u b s t i t u e n t  
c o n s t a n t s  a r e  o r i g i n a l l y  d e f i n e d .
T h e  s t e r o l s  a r e  a n o t h e r  c l a s s  o f  c o m p o u n d s  w h i c h  c a n  b e  
l a b e l e d  b y  b a s e  c a t a l y s e d  e x c h a n g e .  F o r  e x a m p l e  M e s 7"3 h a s  
l o o k e d  a t  t h e  p r e p a r a t i o n  o f  r a d i o l a b e l e d  c h o l e s t e r o l  a n d  
o t h e r  A3 s t e r o l s .  R
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T h e  m e t h o d  i n v o l v e s  a n  i n i t i a l  o x i d a t i o n  s t e p  t o  t h e  
s t e r o i d ,  f o l l o w e d  b y  t r i t i u m  e x c h a n g e  a n d  t h e  p r o c e s s  w a s  
c o m p l e t e d  b y  r e d u c t i o n  b a c k  t o  t h e  s t e r o l .  T h e  l a b e l i n g  w a s  
p e r f o r m e d  b y  t w o  m e t h o d s ,  t h e  f i r s t  o f  w h i c h  i n v o l v e d  
p a s s i n g  a  s o l u t i o n  o f  t h e  s t e r o i d  d o w n  a  c o l u m n  p a c k e d  w i t h  
b a s i c  a l u m i n a  w h i c h  h a s  b e e n  p r e - t r e a t e d  w i t h  t r i t i a t e d  
w a t e r .  T h e  e f f i c i e n c y  o f  t h i s  m e t h o d  w a s  c o m p a r e d  t o  a  m o r e  
t r a d i t i o n a l  p r e p a r a t i o n  w h i c h  i n v o l v e d  s o d i u m  m e t h o x i d e  i n  
t r i t i a t e d  w a t e r  a s  c a t a l y s t .  R e d u c t i o n  w a s  p e r f o r m e d  u s i n g  
s o d i u m  b o r o t r i t i d e  o r  l i t h i u m  a l u m i n i u m  h y d r i d e .  I n  g e n e r a l  
i t  w a s  f o u n d  t h a t  t h e  s o d i u m  m e t h o x i d e  m e t h o d  g a v e  g r e a t e r  
r e p r o d u c i b i l i t y  t h a n  t h e  c o l u m n  m e t h o d ,  b u t  t h e  c h o i c e  o f  
o x i d a n t  w a s  a l s o  a n  i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  y i e l d  o f  
r a d i o l a b e l e d  p r o d u c t .  T h e  b a s i c  a l u m i n a  m e t h o d  h a d  b e e n  
p r e v i o u s l y  d e v e l o p e d  b y  K l e i n  a n d  K n i g h t  t o  l a b e l  
t e s t o s t e r o n e  a n d  o t h e r  3 - o x o  s t e r o i d s ,  7 4 -
M e t h y l e n e  g r o u p s  a r e  a l s o  a c t i v a t e d  b y  g r o u p s  o t h e r  t h a n  
c a r b o n y l ,  s u c h  a s  c a r b o x y l ,  c y a n o ,  n i t r o  a n d  
s u l p h o n y l m e t h y l , I n  t h e  c a s e  o f  m a l o n i t r i l e , l a b e l i n g  i s  
p e r f o r m e d  b y  r e a c t i o n  i n  t r i t i a t e d  w a t e r  a t  r o o m  t e m p e r a t u r e  
f o r  o n e  h o u r .  T h i s  i s  i n  c o n t r a s t  w i t h  t h e  c o n d i t i o n s  
r e q u i r e d  t o  l a b e l  t e r t i a r y  b u t y l  m a l o n i t r i l e ,  w h e r e  0 . 5  g / c c  
s o d i u m  h y d r o x i d e  i s  r e q u i r e d  a s  c a t a l y s t  t o  a c h i e v e  g o o d  
i n c o r p o r a t i o n  o f  t r i t i u m . ® ®
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N i t r o a l k a n e s  h a v e  b e e n  l a b e l e d  w i t h  d e u t e r i u m  b y  B e l l  a n d  
G o o d a l l ^ - ' 5, u n d e r  m o r e  s e v e r e  c o n d i t i o n s  t h a n  m i g h t  a t  f i r s t  
b e  e x p e c t e d .  T h i s  i s  h o w e v e r  t y p i c a l  o f  n i t r o  g r o u p s ,  a s  
t h e y  a r e  f o u n d  t o  g i v e  s l o w e r  r a t e s  o f  d e t r i t i a t i o n  t h a n  
o t h e r  c o m p o u n d s  w i t h  s i m i l a r  p K a  v a l u e s ,  N i t r o m e t h a n e  w a s  
l a b e l e d  b y  r e f l u x i n g  f o r  5 te  h o u r s  i n  a  4 . 4M KOD s o l u t i o n  i n  
d e u t e r a t e d  w a t e r .  G r e a t e r  t h a n  98 %  i n c o r p o r a t i o n  w a s  
a c h i e v e d  b y  t w o  f u r t h e r  e x c h a n g e s  f o r  2 0  h o u r s  e a c h .  F o r  
n i t r o e t h a n e ,  a n d  2 - n i t r o p r o p a n e , e x c h a n g e  r e q u i r e d  l o n g e r  
r e a c t i o n  t i m e s ,  a n d  w a s  l i m i t e d  t o  t h e  p r o t o n s  a  t o  t h e  
n i t r o  g r o u p .
4-4 M KOD
c h 3n o 2  ► c d 3n o 2
D20 5*5 h
CHjCHCHj 4 6 M KOD CH3CDCH,
I  IN 02 02O 3d NOj
A s i m i l a r  s e l e c t i v i t y  f o r  t h e  c x - p o s i t i o n  i n  c a r b o x y l i c  a c i d s  
h a s  a l s o  b e e n  f o u n d ."73  T h e  a c i d s  w e r e  l a b e l e d  u s i n g  0 . 5  
m o l e s  o f  p o t a s s i u m  o r  s o d i u m  a c e t a t e  i n  200c c  o f  d e u t e r a t e d  
w a t e r  c o n t a i n i n g  0 . 0 5  m o l e s  o f  d e u t e r o x i d e  a n i o n ,  A f t e r  f i v e  
e x c h a n g e s  o v e r  98 %  d e u t e r a t i o n  w a s  a c h i e v e d ,  a n d  s u b s e q u e n t  
d i s t i l l a t i o n  o r  r e c r y s t a l i s a t i o n  w a s  p e r f o r m e d  w i t h o u t  l o s s  
o f  l a b e l ,  I n  t h i s  w a y  i t  w a s  a l s o  f o u n d  p o s s i b l e  t o  l a b e l  
p h e n y l a c e t i c  a c i d  e x c l u s i v e l y  i n  t h e  m e t h y l e n e  p o s i t i o n s  a n d  
o r t h o  t o l u i c  a c i d  w a s  l a b e l e d  i n  t h e  m e t h y l  s u b s t i t u e n t ,  b u t  
t h e  r e a c t i o n  w a s  v e r y  s l o w .
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O d e l l  h a s  u s e d  t h i s  r e a c t i o n  t o  l a b e l  s t e a r i c ,  p a l m i t i c ,
m y r i s t i c  a n d  l a u r i c  a c i d s  w i t h  t r i t i u m .'7'7 H i s  r e s u l t s ,  w h i c h  
w e r e  c o n f i r m e d  w i t h  t r i t i u m  n m r ,  s h o w e d  t h a t  t r i t i a t i o n  w a s  
e x c l u s i v e l y  c o n f i n e d  t o  t h e  p o s i t i o n  cx t o  t h e  c a r b o x y l  g r o u p  
a n d  h e n c e  t h e y  c o n f i r m e d  t h e  e a r l i e r  w o r k  w i t h  d e u t e r i u m .
D e s p i t e  t h i s  r e a c t i o n  w o r k i n g  w e l l  w i t h  c a r b o x y l i c  a c i d s ,  i t  
i s  n o t  g e n e r a l l y  m u c h  u s e  i n  t h e  l a b e l i n g  o f  a m i n o  a c i d s .
T h e s e  a r e  u s u a l l y  p r e p a r e d  b y  o t h e r  m o r e  c o m p l e x  m e t h o d s ,  
s o m e  o f  w h i c h  i n v o l v e  b a s e  c a t a l y s e d  e x c h a n g e .  F o r  e x a m p l e  
a r o m a t i c  a l d e h y d e s  c a n  b e  c o n v e r t e d  b y  r e a c t i o n  w i t h  
m o r p h o l i n e  a n d  a q u e o u s  s o d i u m  c y a n i d e  i n t o
m o r p h o l i n o n i t r i l e s  ( I X ) . ^ 3  T h e s e  e x c h a n g e  h y d r o g e n  i n  t h e  ex­
p o s i t i o n  r e l a t i v e  t o  t h e  c y a n o  g r o u p  o n  h e a t i n g  w i t h
t r i t i a t e d  w a t e r  i n  d i m e t h y l f o r m a m i d e  a t  1 0 0 °C f o r  5  h o u r s .  
T h e s e  l a b e l e d  n i t r i l e s  ( X )  a r e  t h e n  h y d r o l y s e d ,  l e a d i n g  t o  
a l d e h y d e s  l a b e l e d  i n  t h e  f o r m y l  g r o u p .  T h e  C a n n i z z a r o
r e a c t i o n  i s  t h e n  p e r f o r m e d  t o  p r o d u c e  t h e  c o r r e s p o n d i n g  
l a b e l e d  b e n z y l  a l c o h o l s  ( X I ) ,  w h i c h  a r e  c o n v e r t e d  i n t o  
a r o m a t i c  a m i n o  a c i d s ,  s u c h  a s  p h e n y l a l a n i n e  a n d  t y r o s i n e
l a b e l e d  i n  t h e  j 3 ~ p o s i t i o n  ( X I I ) .
ArCHO Ar
CN
(x)
ArCTO — ArCT,OH *- ArCT2CHNH2COOH
(XII)(XI) ,
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E x c h a n g e  i s  a l s o  p o s s i b l e  i n  p o s i t i o n s  a c t i v a t e d  b y  a m i d e  
g r o u p s ,  a s  i s  i l l u s t r a t e d  b y  t h e  w o r k  o f  M c l l h e n n y . 731 I n  h i s  
w o r k  h e  m a d e  u s e  o f  t h e  r e a g e n t  t - B u O T  i n  t h e  p r e s e n c e  o f  
t - B u Q N a  t o  l a b e l  t h e  N - t - b u t y l a m i d e  o f  2 - < 5 - b e n z y l a x y - 6-  
h y d r o x y m e t h y l - 2 - p y r i d y l > - 2 - h y d r o x y a c e t i c  ' a c i d  ( X I I I ) .  T h e  
r e s u l t i n g  c x - t r i t i a t e d  a m i d e  i s  t h e n  c o n v e r t e d  b y  
d e b e n z y l a t i o n  t o  l a b e l e d  p i r b u t e r o l  ( X I V ) .
I2W
(XII)
(XIV)
T h e  d e u t e r a t i o n  o f  cx, J 3 - u n s a t u r a t e d  a c i d s  h a s  b e e n  
i n v e s t i g a t e d  b y  E l v i d g e  a n d  J o n e s . 30 I t  w a s  f o u n d  t h a t  
a l t h o u g h  i t  w a s  p o s s i b l e  t o  p r e p a r e  d e u t e r a t e d  c i n n a m i c  a c i d  
b y  d i r e c t  e x c h a n g e ,  t h e  r e a c t i o n  w a s  f o u n d  t o  b e  v e r y  s l o w ,  
a n d  a  m e t h o d  u s i n g  l a b e l e d  m a l o n i c  a c i d  w a s  f o u n d  t o  b e  m u c h  
b e t t e r .  T o  p r e p a r e  d e u t e r a t e d  c i n n a m i c  a c i d ,  f o r  e x a m p l e ,  
b e n z a l d e h y d e  w a s  r e a c t e d  w i t h  m a l a n i c C 0 0 ' 2 Hs 3  a c i d  i n  
p y r i d i n e  f o r  4  h o u r s  a t  1 0 0  '"0. D e u t e r a t i o n  w a s  c o n f i n e d  
e x c l u s i v e l y  t o  t h e  p o s i t i o n  cx t o  t h e  c a r b o x y l  g r o u p .
CHO CH=CDCOO H
©  • C H >(C O O D ) -  . / W e  ( Q )
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A variation of the method was used to prepare tritiated 
cinnamic acid, using benzylidenemalonic acid, tritiated 
water and pyridine, in dioxan at 80 °C for 30 minutes. The 
reaction was found to be applicable to other aldehydes, such 
as acetaldehyde which was used to produce a—deuterated 
crotonlc acid, and crotonaldehyde, which formed 
sorbic acid. The ^-labeling was due to an internal hydrogen 
transfer via a cyclic lactone intermediate.
Base catalysed exchange has recently been used in the 
preparation of labeled 8-N-n-butyl-N-methylamino-8(3-
hydroxyphenyl>~1,4-dioxaspiroC4,5]decane hydrochloride, a 
potential analgesic drug,31
OH
The labeling was perfomed by exchange in the precursor, 1,4- 
dioxaspiroC4,53 decan—8-one, using triethylamine and
tritiated water giving a recovery of 82,5% at a specific 
activity of 304. 1 mCi/mmolvs.
° < D Q  ■ h c i
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The tritiated material was then converted to the desired 
compound in four further steps with an overall yield of 22% 
at 234.5mCi/mmole .
The base catalysed exchange of j3-ianone (XV) has been used 
by Olson as a precursor in the synthesis of a 
tetradeuterated vitamin A analogue, 10 , 19, 19 , 19-2H^.-ret inyl 
acetate(XVI).32 The deuterium was introduced into the methyl 
group in (3-ionone by reaction with 40% sodium deuteroxide in 
DsO and pyridine. The final product was then formed in a 
series of steps which involved a modified Vittig Horner 
reaction. The fourth deuterium was incorporated in this 
series of reactions from deuterated phosphonate, to give a 
product of >98% 2H^ ..
Before going on to look .at some examples .of exchange in 
aromatic systems it is worth briefly mentioning two other 
examples of exchange of activated aliphatic protons. The 
first involves p-nitrohenzyl cyanide which is labeled 
exclusively in the benzylic protons by reaction with 
tritiated water and sodium carbonate, with ethyl acetate as
(XVI)
solvent.33 Similar conditions are used in the base catalysed 
exchange of phenylacetylenes, which are labeled in the 
acetylinic positions.
Moving onto aromatic compounds, it is generally found that 
these require considerably more basic conditions than 
aliphatic compounds. The exchange is promoted by the 
presence of methoxy groups and particularly phenolic hydroxy 
groups as substituents in the ring. For example phenol is 
deuterated in the ortho and para positions by using 
deuteroxide in deuterated water as the catalyst.3® It has 
also been found possible to label phenol in all five 
positions using the much stronger reagent potassium amide in 
liquid ammonia.3® The work with phenols has been extended by 
Kirby37, who has looked at the deuteration of substituted 
phenols, ranging from p-cresol as the simplest example 
through to the alkaloid morphine. The cresol was labeled by 
two methods, the first of which used potassium tertiary 
butoxide as the catalyst in deuterated water. The 
alternative method used triethylamine as the base, and as 
was found in the first case , labeling was confined to the 
ortho and para positions. Morphine (XVII) required more 
vigorous conditions for deuteration. The reaction was 
carried out by heating the substrate in a DMSO/DsQ or 
DMF/DzO mixture. In both cases good incorporation in the 2 
position was observed.
(XVII)
The method was also used to label vanillin and the phenolic 
amino acid tyrosine.
Among the best studied aromatic exchange reactions are the 
m-dinitrobenzenes, which have been looked at by Buncel.S9 He 
investigated a series of basic anions and determined the 
rate of deuteration in the solvents dimethysulphoxide, 
dimethylformamide and dimethoxyethane, In general it was 
found that the more basic the anion was, the greater the 
deuteration, and the greater the effect DMSQ and DMF had on 
the rate. The dimethoxyethane was far less effective in 
preventing solvation of the anion and hence far less 
effective in enhancing the rate. The following order of 
anion basicity was formulated:-
In DMF DO" > PhO“ > S2032- * AcO“ > N3-
A number of organic bases were looked at but no definite 
relationship between pKa and reactivity was found.
More recently tritium nmr spectroscopy has been used to 
study the specificity of labeling in these compounds and the
similar compound 1,3-dinitronaphthalene. In the
dinitrobenzene work, two different exchange conditions were 
used, one being considerably more basic than the other. In 
the first, the exchange was performed by reaction of the 
substrate in methanolic sodium methoxide and tritiated 
water, with dioxan as solvent. The labeling under these
conditions was exclusively confined to the 2-position. The 
second, more basic conditions used hexamethylphosphoramide 
as solvent. The product turned out to be a mixture of m- 
nitroanisole and 1,3-dinitrobenzene, which were separated by 
tic. On examination by tritium nmr, it was found that while 
most of the label was present in the 2-position (93%) , some 
7% was found in the 4(6) position. The detritiation of this 
compound was subsequently performed by reaction in aqueous 
sodium hydroxide at 60°C. The results showed that exchange 
in the 2 position occured some 2,-000 times faster than in 
the 4(6) position.33 In the 1,3-dinitronaphthalene work, 
exchange was performed under similar conditions as for 
dinitrobenzene, except that sodium hydroxide instead of
methoxide was used in hexamethylphosphoramide, to minimise 
possible decomposition. Tritium nmr studies showed that
label was present in two positions, but in this case
considerably more tritium was found in the 4-positlon<85%) 
than in the 2-posit ion < 15%) , The explanation for this was 
thought to involve the greater delocalisation of the 4- 
position compared to the 2-position.30
Exchange will also take place in non activated aromatic 
protons but highly basic conditions are required* A good 
example of this is the labeling of aromatic hydrocarbons, 
which has been reviewed by Jones.31 Also included in this 
review are aliphatic hydrocarbons, which require similar 
conditions to undergo hydrogen isotope exchange. For 
example, toluene is labeled in the methyl group using 
tritiated DMSO containing potassium tertiary butoxide at 
80°C, Similar conditions are used to label other 
alkylbenenes, with the label always directed into positions 
a to the ring. In order to label benzene and naphthalene, 
the reagent lithium eyelohexylamide in eyelohexylamine is 
used, with a rate of incorporation 100 fold slower than for 
substituted toluenes. Triphenylamine and diphenylamine can 
be tritiated in the cx-position by reaction with 
tetramethylammonium hydroxide in DMSO, and tritiated water 
at room temperature for 24 hours, Heptane, cyclopentane and 
cyclohexane require a temperature of 120“C for reaction. 
Hence it can be seen that the weaker the carbon acid the 
more basic the conditions required for labeling, with 
toluene requiring the most basic conditions, and 
triphenylamine the least.
Finally in this section on base catalysed exchange, it is 
worth looking at an interesting example of the synthesis of 
tritiated penicillic acid (XVIII) involving tritiated
- 31 -
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N    'PMe/H
w A  "
HO
(XVIII)
Tritium nmr was used to study the regiospecif icity of the 
labeling in penicillic acid which was biosynthesised from 
[3H1acetate, from C3,5-3H3orsel1inic acid <XIX> and from 
C2-3H]malonate <XX> .
/C O O E t
CHT
\C 00Et
(XIX) (XX)
The orselllnic acid was labeled by treatment with tritiated
water and a pellet of sodium hydroxide for 4 days, and the
diethylmalonate was labeled using sodium carbonate and
tritiated water in dioxan for 7 days. The tritiated acetate
was obtained from Amersham International. Of the three
precursors used, orsellinic acid was found to give the
highest yield of penicillic acid (8.4%), with
diethylmalonate giving the lowest <2,0%). The results
suggested that orsellinic acid is an intermediate in the
biosynthesis of penicillic acid from acetate.
Hence, in summary it is found that base catalysed exchange 
can be used to label an extensive range of organic 
compounds, both aliphatic and aromatic. In general aliphatic
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protons adjacent to an electron donating group require 
mildly alkaline conditions to label, whereas highly basic 
conditions are required for nan activated aliphatic protons 
and for exchange in aromatic systems. The only limitations 
are that firstly the basicity of the medium in which the 
compound is to be investigated must be known to prevent loss 
of label, and secondly, the compound must be reasonably 
stable under alkaline conditions, to prevent decomposition.
Metal Catalysed Exchange 
Introduct i on
Metal catalysed exchange is probably the most widely used of 
the exchange methods and has been extensively reviewed by a 
number of authors. 1 . method usually uses group VIII
metal catalysts, either heterogeneous or homogeneous, with 
isotopic water or gas as the source of label. A wide variety 
of organic compounds may be labeled by this method, which 
usually produces generally labeled compounds, although the 
specificity does depend on the metal used and hence by 
careful choice of catalyst and conditions, it is possible to 
produce regiospecific labeling in certain compounds.
The method usually involves a simple one step synthesis 
involving- reaction of the catalyst, isotopic water and 
substrate in a sealed tube at temperatures ranging from 50'C 
to 200*0 over a time scale of 24 hours. In tritiations, the
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specific activity of the water used directly controls the 
specific activity of the product, and as relatively low 
amounts of label are used, any impurities which may occur 
are usually due to chemical decomposition, and not radiation 
damage, so purification is quite simple.
Examples of compounds which can be labeled by this technique 
include amino acids, polycyclic aromatics, heterocycles, 
alicyclics, steroids and aliphatic hydrocarbons. The metals 
most commonly used are Pt, Pd and Ni, which are the most 
active, but metals such as Fe, Ru, Rh, Ir, Os and Cu have 
been used. In general isotopic water is prefered to hydrogen 
as the isotope source because competing hydrogenation 
reactions can occur, leading to by products that can render 
purification difficu.lt.
H e t e r o g e n e o u s  M e t a l  C a t a l y s e d  E x c h a n g e .
In general it is found that platinum is by far the most 
efficient catalyst for the heterogeneous deuteration and 
tritiation of organic compounds. This has been illustrated 
by Garnett who has compared the efficiency of platinum with 
other metals in the labeling of benzene.33
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C a t a 1 v s t T i m e T e m p ZR C a t a l v s t T i m e To m q %D
P r e - r e d u c e d <h> < ■’ o S e l f  A c t i v a t e d <h> (°C).
P t 0 2 6 1 3 0 3 7 .  3 P t O s 4 8 120 4 1 .  8
P d C l s 9 6 1 5 0 4 2 .  1 P d O 4 8 120 0 .  8 4
I r O s 3 1 2 1 3 0 3 1 .  0 Ir02 4 8 1 4 0 6 . 20
RI12O3 2 4 0 1 5 0 2 7 .  6 RhsOs 4 8 1 4 0 1 . 5
Pre-reduced platinum is formed by reduction of the oxide 
with sodium borohydride to produce platinum metal which is 
then reacted with the substrate and isotopic water. In the 
self activation method, the substrate itself acts as the 
reducer, However this method can lead to the production of 
labeled impurities which can be difficult to remove so the 
more laborious pre-reduced method is prefered.
In the labeling of alkyl and halobenzenes with platinum,
labeling occurs readily under relatively mild conditions
<130°C, 18 hours), with most of the label being directed to
the meta and para positions. This ' ortho deactivation'
increases steadily as the alkyl group becomes larger or as
the halogen size increases from fluorine through to bromine,
The side chain in alkyl benzenes is also labeled,
predominantly in the a-position. As the alkyl substituent
(becomes longer, there is a progressive lowering of exchange 
in the protons more remote from the ring. The early work in 
this field was performed using deuterium,33 but more 
recently tritium nmr has been used by Garnett in determining
t h e  p a t t e r n  o f  i s o t o p e  i n c o r p o r a t i o n ,  w i t h  t h e  r e s u l t s  
r e i n f o r c i n g  t h e  e a r l i e r  w o r k . 37
&  of. pa n  si.ta.
Compound ortho met a para. alkyl
Fluorobenzene 8.3 29 25
Chior©benzene 4. 0 30 32
Bromobenzene <2, 0 33 33
Toluene 9. 8 15 18 CHat, 11
Isopropylbenzene 5.5 13 13 CHs, 7;
With polycyclic aroraatics, a similar pattern emerges, with 
steric effects determining the orientation of labeling. Thus 
with methyl naphthalenes, the positions adjacent to the 
methyl groups are deactivated, and the J3-ring positions are 
prefered to the a-positions. Labeling in the side chain 
occurs predomlnatly in positions a to the ring. *t3
Platinum can be used to label alkanes, but exchange is much 
slower than for aromatics, hence higher temperatures are 
needed to achieve a reasonable degree of labeling. Steric 
effects once again play an important' part as is illustrated 
by the labeling of diphenylmethane and triphenylmethane.33 
In both cases the aliphatic position is sterically hindered, 
so the labeling takes place preferentially in the ring.
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Tritium nmr studies have also been used by Garnett in the 
platinum catalysed exchange of nitrogen heterocycles.33 The 
reaction was carried out in the usual manner using pre­
reduced platinum, isotopic water and substrate at 
temperatures ranging from 60 *C to 130“C, In pyridine, at 
60 °C, it was found that exchange occured preferentially in 
the positions adjacent to the nitrogen (44%), although
sizeable amounts of tritium were found in the other
positions <23%, 34%). When the reaction was forced to
equilibrium by reaction at 120 °C it was found that the 
selectivity for the 2 and 6-positions had increased to 50%.
In alkyl substituted pyridines, the ortho deactivation 
effect observed in alkylbenzenes was found as in a compound 
such as 3-picoline, only a small amount of tritium was found 
in the 4-position, whereas nearly 80% was found in the 
positions adjacent to the nitrogen. When the temperature was 
increased to 130 “C, the labeling was found to be random, as 
there was no obviously favoured position. When the methyl 
was located in the 2-position, as in 2-picoline, the
preference for exchange in the remaining 6-position was lost 
as 56% was located in position 4, This selectivity was lost 
when the reaction was carried out at 130 °C, where a random 
incorporation was observed, In the case of 4-picoline 
labeling was virtually regiospecific in the 2 and 6 
positions at 60 'C and it was found that increasing the
temperature to force the reaction to equilibrium lowered the 
regiospecificity to about 70%.
In all the alkyl substituted pyridines, the methyl group was 
largely untouched at 60*0, although it was found that some 
incorporation occured at the higher temperature (up to 10%), 
A similar study was performed by Elvidge33, who found that 
tritium was incorporated into heterocyclics in a random 
manner. However the reactions were performed at 125’C and 
they were forced through to equilibrium in order to produce 
highly tritiated products. Hence it can be seen that this 
work agrees with the work performed by Garnett at the higher 
temperature.
The selectivity observed in pyridine and the plcolines is 
observed in aniline and its methyl derivatives, with
preferential labeling of the 2 and 6-positions observed in 
aniline and the usual deactivation in positions adjacent to 
the methyl group in toluidines is found.33
Turning to other heterocyclics and other substituted
benzenes, it is found that in compounds such as furan and
thiophen, platinum produces a high degree of labeling in the
a-position. Hence in furan the regiospecif icity in the ex­
position was 97%, and in thiophen it was 82%.,0°
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In phenols and sodium benzoate, it is found that these 
compounds show ortha activation <75% ortho in phenol), but 
this can be contrasted with methoxy compounds such as 
anisole, where the usual ortho deactivation is observed. 
Also of interest is the labeling pattern observed in benzoic 
esters, as these show the usual ortho deactivation, in 
contrast to sodium benzoate.
Atom % i ncorporat ion
Comoound ortha met a para
Phenol 75 19 6
Anisole < 1 49 51
Sodium benzoate 0 > m > P
Methyl benzoate 6 42 52
So far all the examples looked at have involved relatively 
simple organic compounds which have been used to demonstrate 
the selectivity of the platinum system. However platinum is 
equally effective in the labeling in a large number of 
complex molecules, ranging from pharmaceuticals to monomers. 
Hence, for example, the platinum catalysed tritiation of a 
number of drugs has been investigated by Jones,101 The drugs 
chosen, had a wide variety of structures and uses, ranging 
from propranolol (XXI), a j3-blocker and phenobarbi tone 
(XXII), an. anticonvulsant, through to amphetamine (XXIII), a 
stimulant and imipraraine (XXIV), an antidepressant. It was 
found that all the drugs labeled with a satisfactory
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specific activity, excel 
conveniently labeled usii 
heptafluorobutyric acid as
OCH2CH CH2N HCH Me2 
0 H
(XXI)
c h 2c h c h 3
j ^ L 2(h2so4) v2
(XXIII)
Tritium nrar was employed in order to investigate the 
specificity of labeling, which in most cases was found to be 
restricted to the ring positions, with the least sterically 
hindered positions containing most of the label. This was 
particularly true for phenobarbitone, as no label was 
present in the ortho position. The one exception observed 
was amphetamine, where the tritium nmr indicated that about 
10% of the label was present in the aliphatic positions.
More recently, the platinum method has been used to 
deuterate and tritiate, 9-CC2-methoxy-4-[(methylsulfonyl) 
amino]phenyl! amino]-N,5-dimethy1-acrid!necarboxamide<CI~ 
921), a potential new antitumour agent. 10:2
pt for imipramine, which was
ig the method of Hanzlik with 
catalyst,23
(XXII)
N'
CHpH2CH2NMe2
(XXIV)
MeO NHS02Me
NH
Me ^ C N H M e
The tritiation was performed on CI-921 by exchange with pre­
reduced platinum oxide and tritiated water in acetic acid as
solvent to give a product with a specific activity of 4.2
Ci/mmole. The specificity of labeling was checked by a 
parallel experiment with deuterium, by comparing the proton 
spectra of the deuterated and undeuterated materials. It was 
found that the label was confined to the aromatic positions, 
with the 2 and 7-positions containing the most deuterium 
(68%), with also position 6 having appreciable amounts of 
deuterium (58%). These are the least sterically hindered 
positions in the molecule, hence the results fit in with the
earlier work performed with this catalyst.
Santamaria has used heterogeneous exchange with platinum to 
label the drugs butibufen (XXV) and ibuprofen (XXVI), with 
differing degrees of success. 1CK3» 1 °^ »■
Et Me
COOH COOH
(XXV) (XXVI)
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Butibufen was labeled as the sodium salt to a specific 
activity of 492 mCi/mmole, but the yield was only 0.37%. 
However the labeling of ibuprofen was more successful, as a 
specific activity of 1.5 Ci/mmole‘was achieved with a yield 
of 54%.
The same method was used by Ayrey to label gibberellin GAs 
with tritium to a high specific activity, which is a growth 
substance found in plant tissues,10® The labeling was 
performed by reduction of the platinum oxide with tritium 
gas, followed by reaction with tritiated water in ethanol 
acetic acid solution at 80°C for 16 hours. The overall yield 
after purification was only 3%, due to hydrolysis of the 
lactone ring of GAs, however sufficient quantities of 
material were produced for the subsequent experiments in the 
plant tissues.
Heterogeneous platinum catalysed exchange is just one of the 
methods investigated by Diamond in the study of tritiated 
monomers.10® 4-Methyl-1-pentene was labeled to a specific 
activity of 9.5 mCi/mmole using the pre-reduced platinum 
oxide method, which proved to be the most successful method 
in terms of specific activity. The other methods used acid, 
base and homogeneous metal catalysed exchange to label 
styrene, 3-methylsulpholene and n-butylmethacrylate. Tritium 
nmr, once again proved to be invaluable, in confirming the
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positions of labeling. Hence in 4-methyl-1-pentene the 
tritium distribution was as follows:-
(ch3)2 ch  c h 2 ch  = c h 2
10% 34% 55%
The efficiency of the platinum method with tritiated water 
was compared to palladium by Kim in the labeling of 
muscimol. The optimum conditions found used platinum oxide 
with THO in 80% acetic acid. 10-7
As was mentioned earlier in the review, platinum is by no 
means the only metal used in heterogeneous exchange with 
isotopic water. Both palladium and nickel are widely used as 
exchange catalysts, when different selectivity of labeling 
is required. For example in the labeling of alkyl benzenes, 
nickel is found to preferentially label the side chain, 
whereas palladium shows selectivity for both the aliphatic 
and aromatic positions. In other words, it is an 
intermediate catalyst, between the aromatic selective 
platinum and the aliphatic selective nickel.33 This same 
selectivity is found in other aromatic and heterocyclic 
systems, with nickel, whether supported on Kiesalguhr or 
present as Raney STi, found to preferentially label alkyl 
positions. and palladium, present either as the freshly 
reduced metal or supported on charcoal, is found to label 
both the ring and the side chain positions. Where' ring
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labeling occurs, both catalysts show the ortho deactivation 
observed for platinum.
An interesting difference in selectivity is observed in 
pyridine, with nickel found to show high regioselectivity 
for the positions adjacent to the nitrogen <96%), followed 
by palladium with 86% present in the ' ortho' positions and 
platinum with only 44%. The same selectivity is found in 
aniline with nickel found to label the ortho positions 
regiospecifically. However, in both the heterocyclics and in 
the anilines, when methyl substituents are present, the 
selectivity is lost and large amounts of isotope are found 
in the side chains.
The efficiency of Raney Hi and platinum oxide have been 
compared by Jones and Carroll in the tritiation of engine 
oil basestocks.103 A series of reactions were carried out on 
two basestocks using acid and base catalysed methods as well 
as pre-reduced platinum oxide and Raney nickel. The 
reactions were carried out at 120 °C for 20 hours, and the 
results suggested that Raney Hi was the most effective with 
an incorporation of 198/j.Ci, When the reaction temperature 
was increased to 180 °C and the reaction time increased to 8 
weeks, incorporations of up to 30mCi were observed using the 
Raney Hi catalyst and higher specific activity water 
C50Ci/cc). The stability of the label was determined 
directly, by monitoring samples of the oil basestocks over a
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p e r i o d  o f  a b o u t  6  m o n t h s ,  u s i n g  t r i t i u m  n m r ,  w h i c h  f a i l e d  t o  
r e v e a l  a n y  l o s s  o f  t r i t i u m  a s  t r i t i a t e d  w a t e r  o r  t h e  
f o r m a t i o n  o f  o t h e r  p r o d u c t s .
Heterogeneous metal catalysed exchange with tritium gas
T h i s  i s  a  r e l a t i v e l y  n e w  t e c h n i q u e  d e v e l o p e d  b y  E v a n s  a t  
A m e r s h a m  I n t e r n a t i o n a l  f o r  l a b e l i n g  c e r t a i n  t y p e s  o f  
c o m p o u n d ,  u s i n g  t r i t i u m  g a s  a n d  a  m e t a l  c a t a l y s t ,  t o  m u c h  
h i g h e r  s p e c i f i c  a c t i v i t i e s  t h a n  i s  p r a c t i c a l  u s i n g  
t r i t i a t e d  w a t e r . 1 0 3 ' I t  w a s  o r i g i n a l l y  f o u n d  b y  E v a n s ,  t h a t  
w a t e r  u n d e r  a c i d i c  c o n d i t i o n s ,  i n  t h e  p r e s e n c e  o f  a  p l a t i n u m  
o r  p a l l a d i u m  c a t a l y s t ,  w o u l d  u n d e r g o  r a p i d  e x c h a n g e  w i t h  
t r i t i u m  g a s .  H o w e v e r  u n d e r  a l k a l i n e  c o n d i t i o n s ,  i t  w a s  f o u n d  
t h a t  t h i s  e x c h a n g e  w a s  f i f t e e n  t i m e s  s l o w e r ,  a n d  h e n c e  i t  
b e c o m e  p o s s i b l e  t o  l a b e l  m a n y  c o m p o u n d s ,  u s i n g  t r i t i u m  g a s ,  
t o  a  h i g h  s p e c i f i c  a c t i v i t y ,  b y  m e t a l  c a t a l y s e d  e x c h a n g e  a t  
a l k a l i n e  p H.
H e n c e  a  t y p i c a l  r e a c t i o n  w o u l d  i n v o l v e  d i s s o l v i n g  t h e
c o m p o u n d  i n  a  n e u t r a l  o r  a l k a l i n e  s o l v e n t ,  i n  t h e  p r e s e n c e  
o f  a  s u i t a b l e  c a t a l y s t  s u c h  a s  p a l l a d i u m  o x i d e  o n  b a r i u m  
s u l p h a t e  o r  p a l l a d i u m  o n  c a l c i u m  c a r b o n a t e .  B e t w e e n  1 a n d  
20C i  o f  t r i t i u m  g a s  w o u l d  b e  a l l o w e d  t o  r e a c t  w i t h  t h e
s t i r r e d  s o l u t i o n  f o r  a  s u i t a b l e  t i m e .  A f t e r  r e a c t i o n ,  t h e
c a t a l y s t  w o u l d  b e  r e m o v e d ,  b y  f i l t r a t i o n ,  w i t h  t h e  l a b i l e  
t r i t i u m  r e m o v e d  b y  s u c c e s s i v e  e v a p o r a t i o n s  o f  a  p r o t i c
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solvent such as ethanol. Final purification would then be 
performed by thin layer or high performance liquid 
chromatography.
As has already been mentioned, the method is used to produce 
compounds to a very high specific activity, in three major 
types of compound. These are carbohydrates, compounds with 
bensylic protons, and nucleics. Hence in carbohydrates, 
Evans has shown that reducing carbohydrates are labeled 
exclusively at Ci to a high specific activity <>4Ci/mmole> 
and high radiochemical purity 095%), Non reducing 
carbohydrates gave low radioactive yields and the crude 
product usually consisted of a number of products. 
Experiments on a whole range of carbohydrates suggested that 
the free aldehyde form of the sugar was involved in the 
exchange process.103
One of the most important groups of compounds that are 
labeled by exchange with tritium gas is amino acids and 
peptides. For example, Gehlke110 has studied the deuteration 
of acetyl-L-histidine amide as a model for the tritium 
labeling of histidine labeling peptides. In his work a 
number of catalysts were investigated for their efficiency 
of labeling in a number of different solvents, at different 
temperatures. It was found that all of the catalysts used 
would label the molecule in position 2, but exchange into 
position o required an aprotic solvent, a palladium or
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rhodium catalyst, and a higher temperature. The best 
conditions found used Pd/C in dimethylacetamide at 60 ’C. 
where nearly quantitative incorporation into both positions 
occured.
CH.CONHCHCONR,
3 I
An extensive study into the labeling of peptides by metal 
catalysed exchange with tritium gas has been performed by 
Brundish and Wade.111 In their stud-ies, synthetically 
protected peptides were labeled using tritium gas to 
specific activites in the range 0.1 to 12.5 Ci/mmole, The 
results obtained showed that small, peptides which contained 
histidine residues were heavily labeled, and as the size of 
the peptide increased, the specific activity was reduced. 
The method which used the mixed catalysts Pd/C and Rh/CaC0:3 
in DMF, was also found to label phenylalanine, tryptophan 
and tyrosine, provided the OH was protected. It was found 
however, that L-cysteine containing peptides gave rise to 
corresponding peptides, which contained small amounts of 
highly labeled L-alanine, The same authors had previously, 
developed the method on J3-cort icotrophin- (1-24)- 
tetracasapeptide, where the same preference for histidi'ne 
residues was found,112 In both sets of experiments, it was
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found that the stereochemistry of the amino acid residues 
was retained.
Histidine residues have also been labeled with tritium in 
analogues of luteinizing hormone releasing hormone <LHRH) by 
Berger. CD-Phes,desGly1°]-LHRH ethylamide and CD-
Ser(Bu^)desGly1°3-LHRH ethylamide were tritiated with 
tritium gas and a 10% Pd/AlaQs catalyst to specific 
activities of 15 and 10 Ci/mmole with 89% and 94% present in 
the histidine residue.113
Much the same pattern has been observed by Petrenik in a 
study of a range of amino acids, peptides and glycopeptides 
with palladium, rhodium and ruthenium catalysts.11* 
Palladium was found to be the most effective, with palladium 
on barium sulphate the most effective for aliphatic amino 
acids, and palladium on calcium carbonate the most effective 
for aromatic amino acids. It was found that the highest 
incorporation of tritium was observed in histidine and 
phenylalanine, and the specific activity of a histidine 
residue was found to increase with a glutamic or 
pyroglutamic acid in a sequence.
Finally, in this section on amino acids and peptides, 
Landvatter has recently labeled o-ethyl-D-tyrosine and 
phenylalanine in the benzylic positions. The dl-t- 
butylcarbonate protected compounds, CXXVII) and <XXVIII>,
were labeled with 70Ci of tritium gas over a palladium on 
barium sulphate catalyst in ethyl acetate. The specific 
activities obtained ranged between 4 and 7 Ci/mmole. 113
CHTCHCOOH CHTCHCOOH
NHtf-BOC NHtf-BOC
E tO
(XXVII) (XXVIII)
The efficiency of palladium oxide and platinum oxide as 
catalysts with tritium gas has been investigated by 
Buchman. 1 ie A wide range of 'biologically useful* compounds 
were looked at, and the results showed that palladium was 
the most effective, especially in molecules containing 
benzylic protons. It was also effective in the labeling of 
a-positons in conjugated systems, and to a lesser extent it 
was more effective than platinum in the labeling of methyl 
and methylene groups bound to secondary and tertiary amines. 
For example palladium oxide labeled absisic acid to a 
specific activity of 12.2 Ci/mmole, while platinum oxide 
managed only 0.04 Ci/mmole.
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The same authors have extended their studies to the labeling 
of tricyclic antidepressant drugs, 1 1 "7' 1 13 , The work has 
looked at benzylic exchange in dihydrobenzoazepines (XXIX), 
dibenzocycloheptadienes (XXX) and dlbenzocycloheptatrienes 
(XXXI), with the first two classes of drugs found to undergo 
good exchange, resulting in high specific activities being 
reached (up to 35 Ci/mmole).
R
(XXXI)
However in the case of the dibenzocycloheptatrienes, only 
low specific activities were obtained due to conjugation of 
the double bond, in the aliphatic part of the molecule, with 
the two benzene rings. With chloro substituted materials, 
dehalogenation was found to compete with the exchange 
process, hence the chloro derivatives could only be prepared 
in low specific activities.
The palladium oxide catalyst has also been used by Pleij3 to
m
tritiate Jasmonic (XXXII) and Itaconic acids (XXXIII) and
ethyl dihydrojasmonate (XXXIV), which are plant growth 
regulators.113 Jasmonic acid was labeled as its sodium salt 
using palladium oxide, which had been previously stirred 
with tritium gas in ethanol, to a specific activity of 0,2 
Ci/mmole. Itaconic acid and ethyl dihydrojasmonate were 
labeled to specific activities of 83 mCi/mmole and 0.9 
Ci/mmole respectively.
(XXXII) (XXXIV)
CHoCOOH
I
c h 2= c - c o o h
(XXXIII)
The labeling of steroids has been performed using tritium 
gas by a number of authors. For example Kaspersen has 
labeled the 17J3-cyclopentylether of oestradiol (XXXV) in two 
benzylic positions, using a palladium on charcoal catalyst 
in ethyl acetate, to a specific activity of 9,9 Ci/mmole. 
Tritium nmr was used to confirm the positions of labeling, 
with 66% found in position 9 and 33% in the 6-position.120
(XXXV)
- 51 -
Potapova has studied the labeling of a range of steroids to 
a specific activity of up to 27 Ci/mmole using palladium on 
barium sulphate and palladium oxide on aluminium oxide. It 
was found that the tritiation of oxo containing steroids was 
most effective in alkaline solution, whereas steroids 
without a keto group were tritiated in neutral solution.121 
A further example of steroid labeling has been given by 
Schulze, who describes the labeling of 20, 17 spirolactones 
using palladium on calcium carbonate with tritium gas.122
The use of tritium gas in the labeling of nucleosides has 
been reviewed by Evans.103 In general it is found that the 
purine ring is labeled in the 8~position in a reaction time 
of about one hour, with very high specific activities being 
reached (up to 29 Ci/mmole).
Guanine nucleotides were found to give lower specific 
activities than adenine nucleotides under the same reaction 
conditions, however the rate of exchange was observed to be 
faster in guanine nucleotides. The other observation noted 
was that the radiochemical purity of nucleoside mono and 
diphosphates direct from the tritium exchange reaction was 
usually better that 95%. Unfortunately it was not found 
possible to label the other two nucleosides by this method, 
due to a competing reduction, hence the method would not be 
suitable for labeling RHA and DHA direct.
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Finally in this section on heterogenous metal catalysed 
exchange with tritium gas, it is worth quickly mentioning a 
number of other compounds which have been labeled by this 
method. For example palladium on barium sulphate has been 
used as catalyst in the labeling of dibenzacridines. 123 The 
labeling was performed using 5 Ci of tritium gas in dioxane 
at 60°C for 1 to 2 hours. An interesting mechanistic 
difference in the exchange of the [a, j] and the [a,h] 
acridine was noted. The Ca,j] isomer after labeling was 
found in its acridan reduced form, and required oxidation in 
air by refluxing in acetic acid to convert it to the 
acridine. The Ca,h] isomer did not require this treatment.
8-Methoxypsoralen CMP) and 4 , 5' , 8-trimethylpsoralen (TMP> 
have been labeled with a number of catalysts by Potapova.
5% palladium . on barium sulphate was found to be most 
effective for MF in a 3:1 dioxane, triethylamine solvent, 
and for TMP the solvent was changed to a 10:1:5 mixture of 
chloroform, methanol and triethylamine. In a later 
publication, the same authors have used similar conditions 
to label 3-hydroxy-2-ethyl-6-methyl-l-pyridine, with a 
'radiolabeling efficiency of between 95 and 97%’ . 123
Tritium labeled dithranal has been prepared by gas 
tritiation in benzene, containing a trace of ethanol, with a 
palladium on barium sulphate catalyst to a specific activity 
of greater that 1 Ci/mmole.123 The same catalyst has also
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been used by Dukat in the labeling of methyl 
eicosatrienoate, with a dioxane solvent containing 
quinoline. The labeled ester was produced in 15% yield which 
was converted in 85% yield to the free acid, which was 95% 
radiochemically pure, and had a specific activity of 25 
Ci/mmole . 127
Garnett has used Raney nickel in the exchange of alkyl and 
silyl hydrogen in organosilanes, with the position of label 
being determined by tritium nmr. The reactions were carried 
out using tritium gas, Raney nickel and the silane at 100°C 
for times varying between 64 and 160 hours. It was found 
that incorporation of isotope was observed in both the alkyl 
substituents and the silyl positions as can be illustrated 
by triethylsilane. 37% of the label was present as SiH, 38%
was present in the methylene protons and the remaining 25% 
was found in the methyl group. 123
Hence in summary, the tritium gas exchange method offers a 
way of producing high specific activity compounds at high 
purity with relatively small amounts of tritium gas compared 
with the amount of water needed to produce the same specific 
activity. However, the method is limited to particular types 
of compounds, and competing reduction and dehalogenation 
reactions can occur, and hence reduce the yield of desired 
product. Having said that, as long as the limitations of the
method are noted, it is very effective in producing highly 
tritiated.compounds.
Homogeneous Metal Catalysed Exchange
Homogeneous metal catalysed hydrogen isotope exchange was 
first developed by Garnett in 1967, who found that solutions 
of sodium tetrachloroplatinate would catalyse the 
deuteration of aromatic hydrocarbons.123 The conditions used 
employed 130 mmoles of tetrachloroplatinate in 1 mole of 
CH3COQD and 0.5 moles of D=>0, with 130 mmoles of DC1 and 
0. lg of substrate. The acetic acid was added to ensure 
homogeneity of the solution, and the DC1 prevented 
disproportionation of the catalyst to platinum metal. 
However, if too much acid was added, it was found that the 
homogeneous metal catalysed process was inhibited and only 
acid catalysed exchange would take place in compounds where 
this v/as possible. As well as aromatic hydrocarbons, 
exchange was also possible in halobenzenes and some 
polycyclic aromatics such as naphthalene and phenanthrene,
The kinetics of the exchange in benzene were next studied 
where first order dependence oh catalyst concentration and 
inverse first order dependence on the chloride ion 
concentration was found. Multiple exchange in benzene and 
the other aromatics studied was found, and a negligible 
substituent effect was observed, which ruled out any
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electrophi1ic substitution as the rate determining step. The 
mechanism was believed to involve Tc-complex
intermediates. 130 A great deal of further work has been 
carried out by Garnett and other authors, in order to fully 
explain the mechanism, in terms of both aromatic exchange 
and exchange in alkyl protons and alkanes. Much of this work 
has caused great controversy between different research 
groups, particularly between Garnett's work and that carried 
out by Gold. 131 The mechanism of the reaction will be more 
fully discussed in Chapter 3 of the thesis.
Alkylbenzenes were the next class of compounds studied by 
Garnett, using the tetrachloroplatinate in acetic acid 
system. It was found that exchange in both the aromatic and 
alkyl positions proceeded under comparable conditions used 
for benzene. Also noted was a steric hindrance to exchange 
in both aromatic and alkyl positions ortho to an alkyl 
group. This was illustrated by p-xylene where only 2.9% 
deuteration occurred in the ring compared to 20.2% in the 
two methyl groups,132
The studies on alkyl substituted benzenes were extended by 
looking at the effect of increasing the length of the side 
chain up to n-nonylbenzene, For these studies the reactions 
were carried out at 120 *C for 5 hours using a two to one 
ratio of deuteroacet ic acid to deuterated water. It was 
found that about 40% of the deuterium was present in the
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aromatic positions, except for n-heptylbenzene and n~ 
nonylbenzene, where 36 and 30% was found. The orientation of 
deuteration in the ring was not found, but it was assumed 
that the label would be found in the meta and para 
positions. In the straight chain alkylbenzenes, it was 
observed that the label found in the side chain was present 
predominantly in the <x and terminal carbon positions, with 
the isotope incorporation progressively decreasing from n- 
butyl to n-nonyl-benzenes. When branched substituents were
looked at, it was found that the tertiary groups in
particular exchanged at a much slower rate, as can be seen
from the table,133
Deuterium orientation <% of H + D)
Aromatic tiK01 8 other • terminal.
Compound %D %. <%> r.C.Ha ~CHsa,
Toluene 43 42. 3 - - 44. 3
Ethylbenzene 31 44. 6 22. 0 - 15. 3
n~Butylbenzene 23 47. 2 oID 2. 2 13. 7
n-Heptylbenzene 12 36. 0 5. 5 2. 3 9. 6
n-Monylbenzene 8 29. 9 2. 5 2. 5 1 . 0
t-Butylbenzene 16 40. 6 - - 2. 7
The orientation of labeling in 1,l-dimethylpropylbenzene was 
further studied by carrying out four equilibrations for 5 
hours at 1200C, The % in the aromatic increased to 50%, but
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the selectivity for the ^-position in the side chain was 
almost exclusive.
Tetrachloroplatinate was then studied as an exchange 
catalyst for polycyclic aromatic hydrocarbons and 
heterocyclic molecules.13* Simple polyphenyl and condensed 
polycyclic aromatic hydrocarbons were found to exchange at 
rates similar to benzene. The orientation of deuteration of 
these compounds was investigated, and the expected 
deactivation in positions ortho to adjacent rings. When the 
temperature was increased from 100° to 130 °C to force the 
reaction to equilibrium, it was found that these sterically 
hindered positions would undergo appreciable deuteration. 
This can be illustrated by looking at the distribution of 
deuterium in diphenyl and naphthalene.
%D Orientation
Compound Temp. °C (Total hydrogens) Position %D
1 0 . 0  
2,3 68.3
1 2 . 5
2 69. 5
1 38.2
2 90. 0
In alkyl derivatives of polycyclic hydrocarbons, it was 
found that steric effects also played an important part.
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Hence in diphenylmethane, the majority of label was found in 
the least sterically hindered 2 and 3-positions. Virtually 
no deuterium was present in the methylene position. When the 
aliphatic part was increased in length, as in dibenzyl, much 
the same orientation was observed, with only small amounts 
of isotope found in the side chain. In acenaphthene and 
acenapththylene, which both contain 5 membered rings, steric 
hindrance is reduced, and more incorporation takes place in 
the adjacent positions. 2,6-dimethylnaphthalene is an 
interesting case, as all the ring protons are sterically 
hindered, hence exchange is predominantly confined to the 
methyl groups.
Polycyclics containing 4 or more rings were investigated 
along with a few heterocycles, In general the technique was 
unsuccessful, except with benzo(ghi)-fluoranthrene, where
deuteration in the 1 and 2-positions was found. In the\
nitrogen heterocycles, strong complexation with the platinum 
catalyst was observed, and hence exchange was not observed.
The platinum system has also been used by Garnett to 
label compounds which are difficult to label with 
heterogeneous platinum. 133 For example nitrobenzene is known
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to poison the catalyst surface by abstracting hydrogen, 
naphthalene requires very long reaction times and high 
temperatures to label under heterogeneous- conditions, and 
acetophenone is reduced by the metal. Under homogeneous 
conditions, all three compounds label with deuterium 
relatively rapidly, with the usual orientation of isotope in 
the meta and para positions observed.
Comparison of homogeneous and heterogeneous platinum
catalysed exchange at 130 *C.
Homogeneous Heterogeneous
Time Time
Compound <h> %D <h> %D
Hitrobenzene 10 54. 1 10 0. 1
Haphthalene 10 66.. 7 10 2. 6
Acetophenone 2 51. 1 - -
Tetrachloroplatinate has been found to catalyse exchange in 
alkanes.133 The first examples of exchange were found in 
methane and ethane which were labeled with deuterium using, 
potassium tetrachloroplatinate in deuteroacetic acid and 
deuterated water at 100'C. A whole series of alkanes have 
been studied, with the results matching those obtained by 
Garnett with the long chain alkvlbenzenes.133 Isoalkanes and 
cycloalkanes have also been studied, with the cyclocompounds 
proving to be the most reactive. In terms of overall 
reactivity, cyclohexane, which is the most reactive alkane
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is about half as reactive as the least reactive arene. Other 
aliphatic compounds such as alkyl halides, alcohols, and 
carboxylic acids have been investigated with
tetrachloroplatinate. The labeling reaction which should in 
theory be made easier by the effect of the substituent, is 
more often that not complicated by side reactions, and 
these compounds are better labeled by other means.
Kanska has recently used potassium tetrachloroplatinate to 
label phenylglycine with bath deuterium and tritium. 
Deuterium was used to work out the best experimental 
conditions, which proved to be a temperature of 100'C for 72 
hours, with deuterated water in a hydrochloric acid medium. 
The deuterium present in the cx-positian -was exchanged out by 
reaction in 1M hydrochloric acid at 100°C for 72 hours, When 
a higher temperature was used (130°C> with the 
tetrachloroplatinate, some decomposition of the
phenylglycine was observed after 50 hours. Having found the 
best conditions for labeling, phenylglycine was tritiated 
with 1 Ci of THO to a specific activity of 5 mCi/mmole. The 
tritium in the cc-position was then removed as before by 
reaction with 1M hydrochloric acid until a constant specific 
activity was achieved.137
Platinum is by no means the only metal that has been used as 
an exchange catalyst under homogeneous conditions. For 
example iridium has been found to catalyse the deuteration
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of both aromatic and aliphatic hydrocarbons.133•133 In the 
aromatic studies, the efficiency of homogeneous iridium was 
compared to iridium metal. The homogeneous experiments were 
conducted using sodium hexachloroiridate (0.02M) in 25 mole% 
MeCOQD/DsrO for 160 hours at 130 "C, and the heterogeneous 
work was performed by reduction of iridium oxide to the 
metal with sodium borohydride, followed by reaction at 130*0 
for 24 hours.
Homogeneous iridium was found to catalyse exchange in a 
series of alkylbenzenes at 130*0, with exchange in the 
methyl groups being suppressed in compounds such as toluene 
and the xylenes, compared to aromatic exchange. However, as 
the side chain increased in length, exchange was favoured in 
the terminal methyl and «-methylene positions, rather than 
in the ring. The orientation of ring labeling was determined 
by oxidising toluene to benzoic acid, and the expected ortho 
deactivation was found, with only 7% deuterium found in the 
ortho position compared to 48% in the meta and para 
positions. Overall exchange with homogeneous iridium was 
observed to be slower than for tetrachloroplatinate, however 
no mineral acid stabilisation of hexachloroiridate was 
necessary and hence higher temperatures could be used to 
compensate for the slower rate of reaction. The 
heterogeneous system, gave a similar result, with the 
expected ortho deactivation observed for ring exchange, and
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as the side chain increased in length, methyl and ot—
methylene became more favoured over ring exchange.
A number of saturated hydrocarbons were studied with the
iridium system with similar results to platinum 'found. 
Temperatures of 165 to 170°C were used with small quantities 
of aromatic stabilisers such as naphthalene or pyrene added 
to minimise metal precipitation, as was also done for the 
platinum system. Exchange was much slower than that observed 
in the alkylbensenes, with reaction times of 5 to 7 days 
required to achieve 10% deuteration. As for
tetrachloroplatinate, the most reactive alkane was 
cyclohexane, with 54% deuteration observed after reaction
for 7 days at 170 °C with a small amount of naphthalene 
added. The orientation in the alkanes was found to favour 
the hydrogens on the terminal primary carbon atom, although 
a high degree of multiple labeling is observed.
Mechanistically, the reaction with both the alkylbenzenes 
and the alkanes is thought to involve x-complex 
intermediates.
More recently, Garnett has investigated the possibility of 
using rhodium as a homogeneous and heterogeneous catalyst in 
the deuteration of alkylbenzenes and alkanes.30 For the 
’homogeneous work, rhodium trichloride (0.02M) in a 1:1 
deuteroacetic acid, deuterated water mixture at 130°C was 
used, with reaction times varying between 96 and 130 hours.
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Heterogeneous rhodium was prepared by reduction of rhodium 
trichloride with sodium borohydride.
Rhodium trichloride has proved to be thermally more stable 
than tetrachloroplatinate, but less stable than 
hexachloroiridate, however no mineral acid stabilisation is 
necessary. Exchange is slower than with platinum or iridium 
and in alkylbenzenes appreciable deuteration of the side 
chain and the ring occurs, with a high degree of multiple 
labeling. The orientation of labeling in the side chain is 
similar to platinum and iridium, with terminal methyl and ot- 
methylens exchange preferred over ring exchange, as the side 
chain increases in length. In the ring, the usual ortho 
deactivation is observed.
With halobenzenes, rhodium is less effective than platinum 
as a catalyst, as a degree of poisoning is observed, which 
is probably due to small amount of hydrogen halide formed by 
dehalogenation. Hydrogen halides are known to be 
particularly toxic to rhodium catalysts. Homogeneous rhodium 
is also observed to catalyse exchange in saturated 
hydrocarbons, but' the rate of exchange is very much slower 
than for benzene. The fastest alkane has proved to be 
cyclohexane, and the rate of exchange is enhanced by 
addition of small amounts of pyrene or naphthalene.
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Heterogeneous rhodium will catalyse exchange in the side 
chain and the ring in alkylbenzenes, in much the same way as 
platinum and iridium, except that the rate of exchange is 
much slower. Nitrobenzene under heterogeneous conditions is 
found to completely poison exchange, whereas with rhodium 
trichloride, exchange was observed, albeit rather slowly. A 
similar state of affairs is found with halobenzenes, as a 
high degree of poisoning of the catalyst is observed under 
heterogeneous conditions whereas only a small degree of 
poisoning is found with homogeneous rhodium. The mechanism 
of exchange in both the alkylbenzenes and alkanes is thought 
to involve similar m-complex intermediates proposed for 
platinum and iridium.
Preece and Robinson have looked at a number of homogeneous 
metal catalysts in the exchange of naphthalene at 200°C. 7 
Tetrachloroplatinate was found to be the most effective, and 
was the only catalyst that would deuterate naphthalene at 
100 "C. The order of reactivity was in good agreement with 
the metals studied by Garnett, with osmium found to fall 
between iridium and rhodium in reactivity, with ruthenium 
and palladium being the least reactive. The isotope 
orientation between the ex and J3-positions showed that the ex­
position became more favoured as the catalyst reactivity 
decreased, hence platinum at 100*0 was found to favour {3- 
exchange by 63.8% to 5% ex, whereas with palladium, 25.2% was
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found in the ex-position compared with only 2.4% in the {im­
position.
Another homogeneous reagent tristriphenylphosphineruthenium 
<11)chloride, has been used to label alcohols and amines in 
the cx-methylene position. Jones has used tritium nrar 
spectroscopy to study the orientation of tritium in alcohols 
labeled by this reagent, and has found that the exchange is 
specific in the ex-methylene position as long as the reaction
times are kept short <30mins> . 1*1 Typical reaction
conditions use 2.5 rag of the catalyst with 100 to 150 mgs of 
alcohol and 10 pi of tritiated water <50 Ci/cc) at 100°C for 
0.5 to 3 hours.
The same reagent has been used by Saljoughian to label 
benzyl alcohol with a specific activity of 186 mCi/mmole as 
a precursor in the preparation of tritium labeled’ 1' , 3 ’ ~ 
dioxa-2'-phenyl-C2'-3H1 -cyclohexyl-5'-hexadecanoate <XXXVI> 
with a specific activity of 105 mCi/mmole. The labeled
benzaldehyde was prepared by reaction of the catalyst (70
mg), benzyl alcohol (2g) and tritiated water (lOOul, 5Ci/cc> 
at 200°C for 45 minutes. 1 *2
(XXXVI)
The labeling of a number of higher alcohols using the 
tristriphenylphosphineruthenium<II) catalyst has been looked 
at by Lesetichy. 143 Ce to Cia alcohols were heated with the 
catalyst and tritiated water at 200°C and specifically 
labeled products in the ot-position were produced with 24-34% 
exchange,
Finally in this section on homogeneous metal catalysed 
hydrogen Isotope exchange, it was found by Lockley in 1982, 
that homogeneous rhodium trichloride could be used to 
catalyse the ortho deuteration in substituted benzoic acids, 
with a regiospecif icity of over 98%. 1 This is the first 
example of regiospecific labeling under homogeneous 
conditions, and has been the subject of a CASE award carried 
out in conjunction with Fisons Pharmaceuticals. Hence this 
work will be fully discussed in Chapter 2 of the thesis.
Radi at ion GaitaLyggd. EzEMnga.
This was a method developed by Wilzbach in 1956, who found 
that a compound in contact with tritium gas for several days 
or weeks would undergo exchange, due to the radiation 
catalysing exchange between the hydrogen atoms in the 
compound and the tritium gas. The excess gas was recovered 
and re-used, and the compound was purified by a suitable 
analytical technique such as tic.1*1*-® Since then a number of
problems with, the method have become apparent, the major one 
being the production of a large number of tritiated 
impurities, which often have similar structures to the 
parent compound and are thus difficult to remove. The other 
major drawback concerns the low specific activities 
achieved, which range from 0.1 to 10 mCi/mmole,
Over the years there has been a great deal of research into 
improving the efficiency of technique, involving activation 
of the tritium gas by methods such as electric discharge, uv 
y and x-ray radiation activation, and activation by 
microwaves. A second approach has made use of mixing the 
substrate with activated charcoal and metal catalysts have 
been used with tritium gas resulting in improvements in 
specific activity ranging from 3 to 2,000 times better. The 
degree of improvement varies according to the type of 
compound, and it is generally found that the degree of 
improvement is greater for aromatics than aliphatics. Hence 
benzene can be labeled to a specific activity some 50 times 
higher than without a catalyst.
I
One of the most widely used activation techniques has 
involved the use of microwaves. For example Ehrenkaufer has 
used the method to label lipophilic myelin probes, which are 
used to image myelin in the human brain.1 The two
compounds which were 1,1,2,2-tetrafluoro-1,2-diphenyl ethane 
and 1-fluoroadamantane were labeled with specific activities
of 177 mCi/mmole and 593 mCi/mmole. The microwave technique 
had originally been investigated by the same author on 
peptides and proteins who found an increase in specific 
activity ranging from 10 to 300 fold up to the Ci/xomole 
range. For example gonadotropin releasing hormone was 
labeled with a specific activity of 3.5 Ci/mmole, an 
improvement factor of 255 over the non activated 
reaction.14'7 Ehrenkaufer has since then looked at the effect 
of the surface area and thickness of the sample and has 
found that the specific activity increases with increasing 
sample area, but Increasing sample thickness, reduces the 
specific activity.143
Peng has also used the microwave activation method to label 
M,N-dimethy1aniline with a specific activity of 42 
mCi/mmole.143 The product was produced without any ring 
saturation, as is observed with benzene and biphenyl iso, 
and silica alumina pellets were used to increase the contact 
surface between the substrate and the gas. It was also found 
that a supported nickel catalyst Increased the specific 
activity by a factor of 2 over the silica alumina.
This problem of saturation with benzene to cyclohexane has 
been looked at by Powell.130 It was found that benzene when 
exposed to microwave activated tritium gas at -196°C was 
reduced to cyclohexane, with only about 5% tritiated benzene 
present. At -50°C the exchange occurred with a reduction in
the yield of the saturated product, which was thought to be 
due to the faster rate of expulsion of hydrogen from the 
cyclohexadienyl radical at the higher temperature. In a more 
recent publication Powell has demonstrated that the main 
pathways of labeling benzene involve an addition elimination 
reaction, which can also lead to saturation if the 
intermediate cyclohexadienyl radical reacts with furthur 
tritium atoms, or a hot T3* atom reaction. This is thought to 
occur by abstraction of H- by T • ^  to give HT followed by 
reaction of the phenyl radical with another T*. It was also 
found that the presence of side chains stabilised the 
formation of radicals leading to the formation of saturated 
products. Hence it was concluded that to reduce saturated 
by-products, the microwave labeling had to be carried out 
under conditions which favoured hot atom labeling. This was 
achieved by minimising the distance between the microwave 
cavity and the sample, or by reducing the total pressure of 
tritium gas.
Peng has also found a way around the problem of saturation 
by using absorbed tritium on a catalytic surface, rather 
than an activation method. 1S:2. It was found that absorbed 
tritium would label compounds with hydrogen sensitive groups 
without reduction. In this work the nature of the metal and 
the support was varied. Of the transition metals looked at 
nickel was found to be the most active, however it also 
formed a large number of side products. Platinum, palladium
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and rhodium were less effective, but they formed fewer side 
products, and ruthenium and cobalt were the least effective. 
Of the supports studied, alumina and silica alumina were the 
best, Typical side reactions avoided by this absorption 
technique are dehalogenation, reduction of a keto group and 
reduction of a nitro group.
Thermal activation methods are also widely used to improve 
the basic Wilzbach technique. Hence leiman has used the 
method to label t-RNA using thermally activated tritium gas. 
Typically 1 to 100 mgs of the compound would be dissolved in 
2cc of solvent and applied to a 200x100 mm filter paper 
washed in the same solvent. The paper would then be placed 
in a glass vessel under a vacuum of 0,001 mm. This was then 
cooled in .liquid nitrogen and tritium gas was added to a 
pressure of 0,01 mm. The reaction was activated by a 
tungsten filament, heated to 2,500°C for 30 seconds. The
same author has more recently used the method to label t-RNA 
with a specific activity of 3.36 Ci/mmole and bacteriophage 
MS2 in nucleoproteins with a reaction time of 30 
minutes. 1S4-< 1 ss
An electric discharge method has been used to label 
ribonuclease with a specific activity of up to 14.5 
Ci/mmole. The labeling was performed by spreading out 
lyophilized bovine pancreatic ribonuclease along the inner 
surface of a pyrex tube, and adding about 10 Ci of tritium
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gas at a pressure of 10 mm Hg, The electrodes were placed 
near the protein sample and the exchange was permitted to 
take place for intervals of 5, 15 or 30 minutes. It was
found that the method would achieve a fast incorporation of 
tritium into the enzyme, with the specific activity reaching 
the Curies per mmole level. The highest specific activity 
was reached with a 15 minute discharge, however the enzyme 
activity was only 32% of the unlabeled material. Hence a 5 
minute reaction time v/as found to be best, as 92% of the 
enzyme activity remained.133
Proteins have also been successfully labeled by a low 
pressure Wilzbach method.137 Thermolysin, collagen and 
antithrombin III were labeled with 95% of the enzymic 
activity remaining with specific activities of 76 mCi/mmole, 
5 Ci/mmole and 10 mCi/mmole. The same authors have also used 
tritium ion beams to exchange proteins and peptides. 
Leupeptin v/as labeled with a specific activity of 364 
mCi/mmole, and the other materials looked at were labeled in 
the range 18 to 856 mCi/mmole, 1 * 133 In all cases pure 
samples were obtained and the biological activity was 
retained. A much fuller review on the labeling of peptides 
and proteins by radiation methods has been produced by 
Peng,130
Charcoal activation has recently been used by Cellai to 
prepare tritium labeled rifamycin L105, a potential anti
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tuberculosis drug. The labeling was achieved by labeling 2- 
amino-4-methylpyridine by grinding with charcoal and 
exposing to 2.6 Ci of tritium gas for 21 days. The compound 
was purified and converted to rifamycin with a specific 
activity of 33.79 pCi/'mg and a radiochemical purity of 
98%.
Finally in this section on radiation catalysed exchange, it 
is worth mentioning an example where inositols have been 
labeled by radiation induced exchange with tritiated water. 
The labeling was carried out by reaction with 100/j.l of 5 
Ci/cc THO for 70 days at room temperature and was compared 
to a normal Wilzbach experiment. In L-chiro~inositol 
(XXXVII) and myo-inositol (XXXVIII), specific activies of 
17.6 and 28,8 uCi/mmole were achieved, with the latter also 
being present in 97% purity,1®2
(XXXVII) (XXXVIII)
Configuration was retained in both cases. Hexa-O-methyl-L- 
ciziro-inositol was reacted under the same conditions, but a 
mixture of product? was obtained, with the major product 
being myo-inositol with a specific activity of only 1 
j.iCi/mmole. Comparison with the Wilzbach method showed that
-  7 3  -
the THO method yielded less by-products, but with higher 
specific activity.
Hence in summary, Vilzbach labeling itself is generally a 
method of last resort due to all the difficulties in 
purification and the low specific activities achievable. 
However it should be noted that the improvements in the 
method have made it quite useful in labeling quite a wide 
range of compounds, particularly peptides and proteins.
Enzyme Catalysed Exchange
In biochemistry there are many examples of isotope exchange 
reactions, but these usually involve the transfer of another 
group as typified by hydrolysis, elimination and 
substitution reactions. The most conmian use of enzymes far 
labeling involves their use in converting one labeled 
compound to another as in the preparation of tritiated DNA 
via incubation of tritiated thymine, using an enzyme 
contained in the E. Coli bacterium.1 A second approach 
involves growing an organism in tritiated water, which will 
eventually lead to tritium incorporation into all its 
hydrogen containing compounds. For example purines and 
pyrimidines were labeled by growing yeast on a substrate 
containing tritiated water. The resulting tritiated nucleic 
acid was then hydrolysed to the four bases, which were 
labeled at a low specific activity.
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There are however very few examples where hydrogen Isotope 
exchange has been catalysed by an enzyme. One notable 
example Is the transamination catalysed exchange of amino 
acids, originally performed by Guggenheim, and more recently 
reviewed by Jones.34 The amino acids are usually labeled in 
the cx-position, with some incorporation in the j3-position, 
and makes use of pyrldoxal containing enzymes, which 
activate the carbon hydrogen bond. The mechanism is shown in 
the figure, which involves a proton abstraction from the 
initial Shiff's base (XXXIX) to form a carbanlon (XL), which 
then exchanges with deuterated water and adds on a deuteron 
at the C-4' position of pyridoxyl to farm the ketimine 
(XLI). An enamine carbanlon intermediate can then be formed 
by abstraction of a J3-proton (XLI I), When the steps 0 to 3 
are reversed, the labeled amino acid is formed.
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Examples of amino acids labeled by this technique are L- 
alanine, glutamate and aspartate, which are labeled using 
the enzyme glutamate alanine transaminase.
The most recent uses of enzymes in the production of labeled 
compounds have involved the labeling of gastrin like 
peptides by transpeptidation133, the production of labeled 
cerulenin164, labeled glycolipids13S, and tritiated 
hydroxygibberillin aldehyde133, all of which use tritiated 
precursors which are then converted to the desired compound 
by incubation with a suitable enzyme. It appears that the 
technique of enzyme catalysed hydrogen isotope exchange is 
made little use of, A full review of the use of enzymes to 
produce labeled compounds has been published by Evans.1
Zeolite Catalysed Exchange
The use of zeolite catalysts in a number of organic 
reactions has been well known for a number of years, but it 
is only quite recently that these materials have been used 
to catalyse hydrogen exchange, with the purpose of producing 
labeled compounds.137' Zeolites are either used in their ' H' 
form or in the presence of a metal such as platinum, 
palladium or nickel, which has the effect of modifying its 
activity, The mechanism in metal zeolites is thought to 
involve the metal activating hydrogen, which transfers to 
the zeolite and then migrates across the surface to the
- 76 -
hydroxyl groups. This is called the 'spillover' effect and 
its consequence is to lower the reaction temperature needed 
to achieve a satisfactory incorporation of label. For 
example the hydrogen of the hydroxyl groups in a HNaY 
zeolite mixed with a 0.5% Pt-NaY catalyst, will undergo some 
exchange with deuterium at 20°C, rather than at 250°C, which 
is the temperature usually required. As a consequence of 
this, it is thought that the rate determining step involves 
the migration of the activated hydrogen across the surface 
of the zeolite.33
1 H' -zeolites have been used by Garnett as an alternative to
Lewis acid catalysed exchange, with both deuterium and
tritium. For the tritiation work, a small quantity of high
specific activity water was used as the isotope source, but
it was not possible to use the usual excess of water in the
deuterium work, as it deactivated the zeolite. To get round
this problem, perdeuterobenzene was used as the source of
deuterium. Three zeolites, which are found to catalyse
hydrocarbon conversion reactions, were used in the
experiments with perdeuterobenzene.133 Exchange was found to
occur at temperatures as law as 40 “C, with most aromatic
compounds undergoing exchange at 125"C. The orientation of
exchange was determined by reaction of tritiated benzene 
♦with the substrate and zeolite, with analysis by tritium nrar 
spectroscopy, and was found to be predominantely ortho and 
para, which suggests that the mechanism involves
-  77 -
electrophilie aromatic substitution. This can also be 
illustrated by comparing the reactivity of the alkyl and 
halobenzenes, as it is observed that the more 
electrophi1ically active alkylbenzenes react much faster 
than the deactivated halobenzenes. Also observed in 
alkylbenzenes, was the complete absence of labeling in the 
side chain, in the straight chain compounds, but with the 
branched chain compounds, some labeling was found in the 13- 
position, where the branching was at the alpha carbon atom. 
Some differences in reactivity and orientation of labeling 
of the substrates was noted with the different zeolites 
studied. This was thought to be due to the differing 
geometry and pore sizes of the zeolites, as it was found 
that the larger molecules studied did not react very well 
with the smaller pore zeolites.
Metal-zeolites were originally developed to make use of 
tritium gas as the isotope source, and hence produce high 
specific activity compounds. Metals were also found to be 
essential if non aromatic compounds were to be labeled. The 
results obtained have shown that platinum and palladium are 
the most effective metal promotors, with good, incorporation 
observed in both aromatic and aliphatic compounds. The 
orientation of isotope was of great interest, as it was 
characteristic of both zeolite and metal catalysed exchange. 
This can be clearly seen in the alkylbenzenes, as some alkyl 
exchange was observed and the meta position of the ring
- 7 8 -
showed increased labeling over the 'H1-zeolite results. 
Hence this method can be used to produce a labeling pattern 
which is quite unique from all the other exchange 
methods.133
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Homogeneous metal catalysed hydrogen isotope exchange was 
first developed by Garnett in 1967, who found that 
tetrachloroplatinate in DsaO in MeCOOD would catalyse the 
deuteration. of benzene,1 Subsequent work over the years on 
the tetrachloroplatinate system has found it to be an 
excellent catalyst for the deuteration of a wide range of 
alkyl and halobenzenes, polycyclic aromatics, and some 
aliphatic hydrocarbons, without showing any of the 
difficulties associated with heterogeneous platinum, namely 
poisoning by nitro groups and the slow rate of exchange in 
naphthalenes, Furthermore it has been possible to carry out 
extensive kinetic and mechanistic studies on the reaction, 
something which Is normally very difficult to do with 
heterogeneous systems. The one major drawback with this 
catalyst, is the lack of selectivity in the labeling 
observed, both in the earlier work with deuterium2 and 
latterly with tritium3 , where generally labeled products are 
produced, with ortho deactivation in alkyl and halobenzenes.
In heterogeneous catalysis there are a number of examples 
where by carefully choosing the catalyst and substituent, a 
degree of selectivity of labeling can be produced, Thus 
nickel can be used to exchange the * ortho' positions 
preferentially in phenol, aniline and pyridine derivatives,
I introduction
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although when alkyl groups are present, they are extensively 
labeled.A Similarly Garnett has looked at a number of 
heterogeneous catalysts in heterocyclic systems, and has 
found that cobalt would give regiospecific deuteration in 
the 'ortho* position in pyridine. Other metals used- Rh, Ru, 
Pt, Ir, STi and Pd- all showed increased ortho deuteration 
compared to the other positions, and hence is a departure 
from the usual meta and para labeling observed in 
substituted aromatics. Thus the results suggest that certain 
substituents are capable of directing the metal to favour 
certain ring positions.3
With this in mind, Lockley has investigated the deuteration 
of aromatic compounds containing functional groups, using 
homogeneous rhodium trichloride. This reagent had previously 
been used by Garnett to give generally labeled products in 
alkyl, halo and nitrobenzenes when using a deuterium oxide- 
deuteroacetic acid solvent system.3 However by changing the 
conditions to dimethylformamide as solvent and deuterium 
oxide as the isotoplc pool, rhodium trichloride was found to 
catalyse the regiospecific ortho deuteration of benzoic 
acid.7
COOH COOH
RhCI3 D2 Q j 
DMF 1Q8°C
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A temperature of 108°C and a reaction time of 18 to 24 hours 
was found to be sufficient to give good incorporation of
deuterium, with high purity after a simple work up
procedure.
Such ortho deuterated compounds had previously been prepared
by long multistep synthesis via the deuterium oxide
hydrolysis of ortho lithlated oxazolines0 , by oxidation of
ortho deuterated toluenes by permanganate3 , toy
dehalogenation of ortho halobenzoic acids10 and by reduction
of ortho thaliated acids.11 An example of a typical reaction
using an oxazoline derivative is shown in Figure 1.
Els. 1.1 r.F.r.a.p.ar.a.t.i.Q.n. of. QrthQ <toyt_e.r^ t_e.d. benzoic acid via, an 
oxazoline intermediate,
COOH COCI
NH2CMe2CH2OH
Me Me
Me
2. 5M NaOH
i.-nrBuLi
Me
3M HCI
COOH
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Although this procedure and the others mentioned give rise 
to regiospecific ortho deuterated products, a great deal of 
organic chemistry is needed, which may require considerable 
time and skill from the chemist, and also the use of 
aggressive reagents which can frequently lead to side 
products. Hence for example the oxazoline method is not 
suitable far the deuteration of halobenzolc acids, due to a 
dehalogenation side reaction. Thus it can be seen that the 
rhodium, trichloride method offers great potential in 
producing highly regiospecfically labeled acids in a single 
step.
Hitherto substantial work has been carried out with 
deuterium in order to investigate the generality of the 
reaction; substituted benzoic acids, new directing groups 
and other metal catalysts have been explored.12
In the benzoic acids looked at, it was found that the 
substituent had no effect on the regiospecificity of the 
reaction. The best example of this was found in ortho 
substituted benzoic acids, where labeling was simply 
confined to the free ortho position. Slight lowering of the 
regiospecificity was noted, however, in hydroxy acids, where 
the normal ortho labeling was accompanied by a degree of 
multiple labeling <10%), which was thought to be due to the 
electrophilie character of the hydroxy group. Also noted, 
was the gradual thermal decomposition of the catalyst to
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yleld rhodium metal, but neither this or the hydrochloric 
acid released during the reaction was found to bring about 
the ortho deuteration of benzoic acid under the standard 
reaction conditions.
Of the other functional groups investigated, the amide, 
methanamine and subsequently the anilide groupings were 
found to direct ortho deuteration, with the same high 
regiospecificity observed for benzoic acids.12'13 Studies on 
the effect of other substituents on the regiospecificity, 
gave similar results to the benzoic acids, with phenolic 
compounds proving to be the only exceptions. Also noted in 
this work was the decreased deuteration as the amide or 
aralkyamlne group became substituted with alkyl group CTable 
1) .
TabLa. 1_l_ D.a.ut.erat ion of. ar-5.ifl.atLQ. amides^. amines, and. anil ides 
in the, piiesenss of. rhodium trichloride. 12'13
Substrate. %_ He-Ut.er.at.i-on.
Benzamide 93
N-Methylbenzami de 95
N-Benzy1benzamide 80
N,N-Isopropylbenzamide 15
Benzylamine 34
N-Methylbenzylamine 9
Acetani1ide 94
N-Methylacetanilide 1
These results strongly suggest that substitution of the 
functional group, inhibit its ability to act as a directing 
group.
A substantial number of other potential metal catalysts have 
been tested with benzoic acid or sodium benzoate and the 
results are given in Table 2.
Xakla. 2j_ 4Qrop-a.r4.s_an. o4 act lye catalysts., 1 2
Cscfc&lysjL SLLbstxatA Regiospecificitv %_
RhCla. 3HaO sodium benzoate 99. 5
RuCls sodium benzoate 98. 0
IrCls.3H20 sodium benzoate 90. 0
Ru (acac) 3 benzoic acid 98. 0
Rh(FO3 )s sodium benzoate 94. 0
Ru(PhsP)sCla benzoic acid 98. 0
Compounds such as CoCla, PdCls, PtCl=», Rh<acac>3 , Pd<acac)sa, 
and Rh<OAc)a were inactive and KaPtCl^., QsCls, FeCls, 
(PhaDaRhCl and PtCl^ decomposed so rapidly under the 
standard conditions, that any possible catalytic activity 
was not observed. Of the active catalysts found, all of them 
except iridium trichloride and rhodium trinitrate were able 
to promote ortho deuteration at high regiospecificity.
Up to this stage, deuterium had been solely used as the 
isotope, but since then Lockley and Jones have made
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investigations on benzoic acids using the rhodium 
trichloride catalyst. 1 ■'* • 1 ® In this work, tritium nmr 
spectroscopy was used to determine the pattern of tritium 
labeling, with the results indicating that the 
regiospecificity in the ortho position approached 100%. The 
exceptions noted were salicylic acid and salicylamide, where 
substantial quantities of isotope were present in positions 
3 and 5, as well as the expected 6-position. In o-anisic 
acid, the nmr results indicated that some decomposition of 
the methoxy group to the hydroxyl had taken place, and as 
this was not observed in anisic and meta-substituted acids, 
as well as o-ethoxybenzamide, it was believed that 
decomposition was restricted to activated methoxy groups of 
the salicylate kind.
Also studied was the effect of the tritium pool on the 
specific activity of the labeled acid.14* It was found 
possible, for example, to label chromone-2-carboxylic acid 
using a molar ratio of only 0.32 of tritiated water to 1 of 
acid. It was found that 5% of the available tritium was 
used, but the specific activity of the acid, was only 
20% of the theoretical maximum. When the conditions were 
altered to use a large molar excess of tritiated water, the 
specific activity of the acid, was very close to the 
theoretical maximum, but only 0,4% of the available tritium 
was used.
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Hence in the present study, the work has concentrated on 
investigating the rhodium trichloride system, particular 
attention toeing paid to its scope and generality, for which 
purpose a wide range of substrates was chosen. In addition a 
search for other, potentially better catalysts has been 
carried out.
Much of the work carried out involves the use of tritium, 
consequently it is appropriate at this stage to discuss not 
only its properties, but also the two techniques that we 
have used in the analysis of tritiated compounds, tritium 
nuclear magnetic resonance spectroscopy1®, and liquid 
scintillation counting.
P r.o pQ xtiQ -g . o £  T r i t iu m
Tritium was discovered in 1934 by Rutherford17, but it was 
not until 1939, that Alvarez discovered its radioactive 
nature. 13 Since then it has been extensively used as a label
in organic compounds and as a tracer in the study of
reaction mechanisms. Tritium is a low energy pure J3-emitter,
with an average energy of 5.7 keV, a half life of 12,43
years, and a maximum penetration in air of only half an 
inch.
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The production of tritium is carried out by neutron 
bombardment of lithium-6, allayed with magnesium or 
aluminium.
Tritium is also found naturally in the earth's atmosphere, 
produced by reactions catalysed by cosmic radiation, and it 
finds its way to the earth's surface in rainwater.
Because of its low energy, tritium is one of the least toxic 
of the radioisotopes, and it can be handled safely in most 
laboratories, with modest precautions.13
Tritium KucXeai: Magnetic Resonance. Spectroscopy
Tritium nuclear raagentic resonance spectroscopy was 
developed at the University of Surrey as a result of 
collaboration with Amersham International, and has since 
become the best method for determining patterns of tritium 
incorporation in molecules, replacing the more traditional 
and time consuming chemical degradation methods. The 
magnetic properties of hydrogen, deuterium and tritium are 
given in Table 3.
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Table. 3_l_ Mfogne.:fc.ls. Pr.Q.psr.tle.^ . of. 1H. EH. and. 3H.
Isotope. Spin MagnsJ/i.c. Relative
Monanfc. Se.ns.i .tivi.ty-
1H 4.84 1.0
2H 1 1.21 0.00965
3H 5.16 1.21
As can be seen from the table, tritium is ideal for 
detection by nmr, as it is even more sensitive to detection 
than the proton. This has the result that very small amounts 
of activity are required to achieve a satisfactory signal to 
noise ratio. Here at Surrey, using the 90MHz Bruker Fourier 
transform nmr instrument, a minimum of 0.ImCi per site could 
be detected, but because of the long times involved <>24h), 
it was more attractive to run spectra containing ImCi per 
site for 16 'hours, when a very satisfactory spectrum could 
be obtained. Recently a 300MHz Bruker Instrument has been 
installed, and when the expected order of magnitude 
improvement in sensitivity is utilised, a ImCi site sample 
should take under 10 minutes to achieve the same signal to 
noise ratio as achieved on the old 90MHz machine, As well as 
improving the times to collect spectra, it will also be 
possible to detect much smaller amounts of tritium,
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typically lOjdCi: a far cry from when the technique required
several Curies of water to achieve a signal!20
One of the major advantages of the technique, is that proton 
chemical shifts are virtually identical with those found in 
tritium nmr, meaning that the vast amount of data already 
collected on proton nmr can be applied directly to tritium 
nmr. The relationship between the two frequencies is given 
by the Larmor ratio:
= 1.066639738 2 x lO"3) .I H
Thus tritium chemical shifts are obtained without the need 
for a tritiated standard, by multiplying the proton 
reference frequency by 1.066639738 to give the tritium 
reference frequency.
In normal trace level work, the tritium spectrum usually 
appears as a number of sharp lines, which give a direct 
measure of the position of label in the molecule and the 
amount of label in that position. Proton-tritium coupling is 
usually prevented by decoupling, in order to increase 
sensitivity, but there are instances where the coupling 
information can be of use, particularly where stereochemical 
information is required.
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As the specific activity of the compound increases and more 
than one tritium atom is present in the molecule, coupling 
between the tritium atoms may occur, giving the spectrum a 
more complicated appearance.
Iti-quld. Sc IniL i 1.1 at Lem CouadLlag21
In liquid scintillation counting, the {3-partlcle ejected in 
the decay of tritium,
is converted into a photon, and detected by a 
photomultiplier. This process is known as scintillation, and 
it operates by transfering the energy of the ft-emission to a 
scintillant solvent, which in turn transfers this energy to 
a fluorescent solute. When the solute molecules return to 
the ground state, a quantum of light in the visible region 
is emitted, and is detected by a pair of photomultiplier 
tubes. Two tubes are used, to minimise counts recorded due 
to random tube noise, as a light pulse must be seen by both 
tubes for a count to be recorded.
The efficiency of liquid scintillation counting varies from 
one isotope to another, thus for tritium, which is a 
relatively weak 3-eraitter, the efficiency is usually about
50%, but for more energetic isotopes, such as carbon 14, the 
efficiency is about 95%. This counting efficiency is defined 
as the ratio of the number of counts observed to the actual 
number of disintegrations talcing place in the sample:
F _ CEU.-fQ.bs.e.r._Y£,d c ount s  .pac-JBlnuiLaA.
y DFM (Disintegrations per minute)
The counting efficiency of a sample is reduced by quenching, 
the transfer of energy to nan-fluorescent solute molecules, 
and is a particular problem in coloured solutions, where 
'colour quenching' can drastically reduce the count rate to 
very low levels. Highly coloured samples, such as blood, are 
usually treated in a sample oxidiser and counted as 
tritiated water or 1 -*C carbon dioxide.
In order to know the absolute radioactivity of a sample, the 
counting efficiency must be known. This is often measured by 
using an external gamma source placed close to the sample to 
generate Compton electrons, which behave like J3-particles in 
solution. When quenching in the. sample occurs, a proportion
of the Compton electrons are quenched, and thus the counts
due to the external standard are related to the counting 
efficiency. A series of calibration curves are then
constructed by counting a series of samples with known
activity, containing different quenching factors.
-103-
The absolute radioactivity of the sample, measured by liquid 
scintillation counting, is given in disintegrations per
minute, and is converted into the most common radioactive 
unit, the Curie <Ci>, using the conversion factorj-
InCi = 2,220 DPM
Where ICi = 3.7 x 1010 DPS
The SI unit of radioactivity is the becquerel <Bq), which is 
equal to one disintegration per second, and although it is 
designed to replace the Curie, use of the latter is still
considerably more widespread.
E x p e r i  jasn fca l- 
Materials
All the substrates used were either obtained from Flsons 
Pharmaceuticals, or bought from a commercial supplier. In 
all cases the compounds were analysed by proton nmr, which 
indicated that the purity was 98% or greater. The catalysts 
were obtained in a similar manner at a minimum of 97% purity 
and were used without further purification.
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Preparation of Tritiated B&ngais. adds, Amides. and. 
Aral kyami nes.
Rhodium trichloride <0. 125nunoles, 30mgs> and the substrate 
<0.25mmoles> , were dissolved in dimethylformamide <DMF, lcc> 
and transfered to a 3cc thick walled reaction vessel. 
Tritiated water (3pl, 50Cl/cc> was added, and the tube was 
cooled in liquid nitrogen, evacuated, and sealed in a flame. 
The reaction was then allowed to proceed for between 18 and 
24 hours at 110°C in a thermostat. After reaction the 
substrate was purified by solvent extraction, by one of the 
following methods:-
a> EurXiica&ian of. acids
The contents of the reaction tube were poured into
hydrochloric acid <4M, 5cc) and extracted into ethyl acetate 
<3xl0cc>. The ethyl acetate was blown down to about 20cc, 
washed with water <2x2cc>, and back extracted into potassium 
hydroxide <1M, 3x2cc>, The potassium hydroxide fraction was
re-acidified with hydrochloric acid <4M> and extracted into 
ethyl acetate <3x1Occ). The ethyl acetate extract was washed 
once with 2cc of water, dried with anhydrous sodium sulphate 
and filtered, before it was evaporated in a stream of
nitrogen. The sample was freeze dried to remove any residual 
traces of water to leave the purified acid. Liquid
scintillation counting was next carried out to quantify the 
amount of labeled acid, and if sufficient activity was
present <>0.5mCl>, analysis was performed by tritium and
recorded of the unlabeled material.
b) P u r if ic a t io n  of. aanldes.
The contents of the vial were poured into ethyl acetate 
<20cc> and this fraction washed successively with sodium 
bicarbonate solution <50g/cc, 2cc), hydrochloric acid <1M, 
2cc) and finally water <2cc>. Each aqueous fraction was re­
extracted with a further lOcc of ethyl acetate, and the 
fractions combined with the original. The fraction was then 
dried with anhydrous sodium sulphate, filtered and blown 
down under a stream of nitrogen, to leave the purified 
amide. Analysis was performed as described for the acids.
c> Em rifli.catign  the. amines
The contents of the vial were poured into potassium 
hydroxide <1M, 5cc), and extracted with ethyl acetate 
<3xl0cc>, After washing with water (2x2cc) , the amines were 
back extracted into hydrochloric acid <4M, 3x2cc) . The acid 
fraction was cooled in ice and made alkaline by the addition 
of potassium hydroxide pellets. The amine was then extracted 
into ethyl acetate <3xl0cc>, after which the organic 
fraction was washed once with water (2cc), dried with 
anhydrous sodium sulphate, filtered, and the solvent removed 
with 'nitrogen. The amine hydrochloride, where desired, was 
made by passing a stream of HC1 gas into a methanol ic 
solution of the amine. The methanol was removed by rotary
proton nmr on the labeled acid, and a proton spectrum was
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evaporation and any residual moisture removed by freeze 
drying. Analysis was performed as described for the acids.
The results of this study can be seen in Tables 4 and 5.
I nyegtigati q r  of other, potential- directing: groups
Phenylacetic acid, hydrocinnamic acid, 2-phenylpropionic 
acid, benzaldehyde, methyl benzoate, o-methoxyphenyl- 
acetonitrile and acetophenone were tested as substrates 
containing potential ortho directing groups, by reaction of 
0.25 mmoles of each, in turn, with 0,125 mmoles of rhodium 
trichloride in lee of DMF, and 3jul of 50 Ci/cc tritiated 
water. The reaction was allowed to proceed for 18 hours at 
110°C, before each compound was purified by a suitable 
solvent extraction procedure, The radioactive content was 
measured using liquid scintillation counting, and if there 
was sufficient activity, the compound was analysed by 3H nmr 
spectroscopy. The results are shown in Table 6.
Xnyi3.gt.igat.ion. of. he.t er ooyglia dine.d_t.ing systems
A number of heterocyclic systems were Investigated for 
regiospecificity with rhodium trichloride, by
reaction of 0.25 mmoles of each substrate with the catalyst 
under the standard conditions. As before, each radioactive 
compound was quantitated by liquid scintillation counting,
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before analysis by tritium mar, if there was sufficient 
activity. The results are shown in Table 7.
I n vest iff at 1 on o£ other. fcoffiPgeneQms?. aaXal.
A number of group VIII metal complexes, particularly the 
acetylacetonates, were tested for directing ability with 
benzoic acid by reaction of 0.125 mmoles of complex with 
0.25 mmoles of benzoic acid under the standard reaction 
conditions. Tritium nmr spectroscopy was performed on 
sufficiently active samples of benzoic acid. The results are 
summarised in Table 8.
Any active catalysts found were then tested for their 
activity on benzylamine and benzamide, to check on their 
range of reactivity. The specific activities were measured 
by accurately weighing a small amount of material <l-2mg> 
into a 50cc volumetric flask, and making up the solution in 
ethanol. Three lOOpl aliquots were then counted to determine 
the radioactivity of the solution, and as the weight of 
labeled compound added was accurately known, its specific 
activity could be easily calculated (in mCi/mmole) by 
dividing the total activity of the solution by the number of 
millimoles of compound present. The specific activities were 
then compared to that achieved using rhodium trichloride, 
and are shown in Table 9.
RfisaLLfcs ansi Discussion
Tritiation af. Bang-Oic. adds*- A glides and Aral kyl a mi nes using. 
Rhodium Trichloride
The structures of the compounds which were found to label 
without decomposition are given in Table 4, together with 
information on the regiospecificity of labeling and the nmr 
reference number.
Table. 4_l. XritiatiQiQ of. ar.ajnat i c acids. amides and. 
anaIkyl.ami.ne.s. using. rhodium trichloride.
201R  Substrate. S±ru.c.t.ur.e. Positions labeled
n£b_ .(regi.pspeclficity)
6
1) Benzoic acid 2,6
(100%)
2) c?-Taluic acid 6
<100%>
6
3) m-Toluic acid
Me
2,6
(100%)
6
2,6
<100%)
2
5) m-Anisic acid
6
( P f i O O O H
MeO' 2
2,6
<100%)
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6
6> Anisic acid MeO— ^ ^ ^ ^ — COOH
7) o-Fluoro-
benzoic acid < ^ - C O O H
8) m-Trif luoro- 
methy1benzoic 
acid
/ Q V c o o h
CF,
9) p-Fluoro-
benzoic acid
10) p-Chloro~
benzoic acid
11) p-Nitro-
benzoic acid
COOH
Cl COOH
0,N COOH
6
12) p-Trifluoro- F3C—\(^ )V -C O O H
methyl benzoic
acid 2
6
13) p-Cyano- N C -< O V -C O O H
benzoic acid V _ /
2
2,6
( 1 0 0 % )
6
(100%)
2,6
(100%)
2 , 6 
(100%)
2 , 6 ' 
(100%)
2,6
(100%)
2,6
(100%)
2, 6
(100%)
14)
15)
16)
17)
18)
19)
20)
2 1 )
22)
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3, 5-Dimethoxy- 
benzoic acid
MeQv 6
\ 0 / C O O H
2
2,6
< 1 0 0 % )
3,4, 5-Triraethoxy- 
benzoic acid
MeO\ 6 
M e O - / Q V COOH 
MeO' 2
2,6
<100%)
3,4-Dichloro- 
benzoic acid Cl
Cl
COOH 2 , 6 
<10 0%)
p-Hydroxy- 
benzoic acid
S 6
HO COOH
3 2
2,6, 3,5
<94%> (7%)
p- Amino- 
benzoic acid
5 6
H2N -(fjf-COOH
3 2
2,6 3,5
<86%) <14%)
Salicylic
acid
6, 3, 5
<37%) <24%) <39%)
J2?-Clil oro- 
benzoic acid
COOH 2,6
<100%)
a-Faphthoic
acid
COOH
2
<100%)
J3-FapIrthoic
acid
1
COOH
1 3
<10%) <90%)
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23)
24)
25)
26)
27)
28)
29)
30)
Isoplrthalic
acid
HOOC
COOH 2, 4,6<5%) <95%)
Chramone-2-
carboxylic
acid
3
<100%)
COOH
Crotonic
acid
a 7
H3C ^
c = cH ^  \
0
COOH
a, J3, y 
<36%) <14%) <50%)
Benzamide
2
CONH- 2,6
<100%)
o-Ethoxy 
benzamide < ( Q ) ~ C 0 N H 2
OEt
6
(100%)
Salicyl-
amide
Salicyl-
anilide C0NH< 
OH f
6, 3, 5
<55%) <25%) <20%)
a, e , f 
<49%) <2%) <49%)
N-Benzoyl 
benzylamine © -
2
CONHCH. 2, 6<100%)
-112-
31) Benzylamine c h 2n h 2 2, 6
<100%)
32) ct-Methyl
benzylamine
O
2,6
<100%)
The substrates that were reacted with rhodium trichloride 
and decomposed to some extent, or were inactive are shown in 
Table 5:-
Xabla. 5_i_ D.scamposed or. fnadJLYa. substrates with rhodium 
trichloride.
M R  S.U-b.s±r-at.a. Structure Result
rtPa _
33) o-Chloro- 
benzoic 
acid COOH
Mixture of 
benzoic and 
o-chlorobenzoic 
acids.
34) o-Anisic 
acid
COOH 
OMe
Mixture of 
salicylic and 
o-anisic acids
35) Cinnamic 
acid CH=CHCOOH
Mixture of 
cinnamic and 
hy dr oc i nna mi c 
acids.
Acetanilide ^(^)V-NHC0CH3 Insufficient
\--/ activity<<50pCi)
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On pages 114-148, the proton decoupled 96MHz tritium 
spectrum of each labeled substrate is given, together with 
its 90MHz proton spectrum, and the spectrum of the unlabeled 
material, for reference purposes.
1 3la) 90MHz H nmr of H-benzoic acid in d6-dmso.
3 3lb) 96MHz H nmr of H-benzoic acid in d6-dmso, with proton decoupling.
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2fa) 96MHz H nmr of H-o-toluic acid in d6-dmso, with proton decoupling.
2c) 90MHz nmr of o-toluic acid in d6-dmso.
r
j l
i
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3 33b) 96MHz H nmr of H-m-toluic acid in d6-dmso, with proton decoupling.
i i i  \ i i>. L J 11 i i
3c) 90MHz *H nmr of o-toluic acid in d6-dmso.
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3 3
4b) 96MHz H nmr of H-p-toluic acid in d6-dmso, with proton decoupling.
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3 35b) 96MHz H nmr of H-m-anisic acid ind6-dmso, with proton decoupling.
5c) 90MHz nmr of m-anisic acid in d6-dmso.
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3 36b) 96MHz H nmr of H-p-anisic acid in d6-dmso, with proton decoupling.
6c) 90MHz 1H nmr of p-anisic acid in d6-dmso.
-120-
1 37a) 90MHz H nmr of H-o-fluorobenzoic acid in d6-dmso.
7c) 90MHz H^ nmr of o-fluorobenzoic acid in d6-dmso.
-121-
-122-
9a) 90MHz nmr of ^H-p-fluorobenzoic acid in d6-dmso.
-i----1----1----1----1--——i--- 1---- 1----1----1--- ~i----1
1 1 1 0  9 8  7 6 5 4 3 2 1 0 5
3 39b) 96MHz H nmr of H-p-fluorobenzoic acid in d6-dmso, with proton decoupling.
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10a)90MHz nmr of 3H-p-chlorobenzoic acid in d6-dmso.
a
COOH
- i ---------------- 1---------- — i----------------1---------------- 1------------- - r -------- — — i--------------- 1------------------1------------- - i --------------- 1
11 10 9 8 7 6 5 4 3  2 t 0 5
3 310b) 96MHz H nmr of H-p-chlorobenzoic acid in d6-dmso, with proton decoupling.
-
- i —  ------ 1---------------1--------------- 1--------------- 1--------- ------1 i —.....—-n r ------------ r
11 10 9 8 7 6 5 4 3
1—------ r--------“ I
2 1 0 6
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1 3
11a) 90MHz H nmr of H-p-nitrobenzoic acid in d6-dmso.
COOH
3 3lib) 96MHz H nmr of H-p-nitrobenzoic acid in d6-dmso, with proton decoupling.
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1 3
12a) 90MHz H nmr of H-p-trifluoromethylbenzoic acid in d6-dmso.
3 312b) 96MHz H nmr of H-p-trifluoromethylbenzoic acid in d6-dmso, with proton decoupling.
12c) 90MHz H^ nmr of p-trifluoromethylbenzoic acid in d6-dmso.
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3 313b) 96MHz H nmr of H-p-cyanobenzoic acid in d6-dmso, with proton decoupling.
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1 314a) 90MHz H nmr of H-3,5-dimethoxybenzoic acid in d6-dmso.
COOH
aoCH.O^^T^OCH,
_____________________| U L ________ . L__ -J-A___ a._____ I
— T— ---,----1— -— i----1--— i— —  -i— — i---- 1---—~i--- 1— — i
1 1 1 0  9 8  7 6  5 4 3  2 1 0 6
3 314b) 96MHz H nmr of H-3,5-dimethoxybenzoic acid in d6-dmso, with proton decoupling.
14c) 90MHz nmr of 3,5-dimethoxybenzoic acid in d6-dmso.
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3 315b) 96MHz H nmr of H-3,4,5-trimethoxybenzoic acid in d6~dmso, with proton decoupling.
15c) 90MHz ^H nmr of 3,4,5-trimethoxybenzoic acid in d6-dmso.
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1 316a) 90MHz H nmr of H-3,4-dichlorobenzoic acid in d6-dmso.
COOH
3 316b) 96MHz H nmr of H-3,4-dichlorobenzoic acid in d6-dmso, with proton decoupling.
17a) 90MHz *H nmr of 3H-p-hydroxybenzoic acid in d6-dmso.
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17b) 96MHz 3H nmr of 3H-p-hydroxybenzoic acid in d6-dmso, with proton decoupling.
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18b) 96MHz 3H nmr of 3H-p-aminobenzoic acid in d6-dmso, with proton decoupling.
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i 3
19a) 90MHz H nmr of H-salicylic acid in d6-dmso.
—i----1-- 1--- r
11 10 9 8
3 319b) 96MHz H nmr of H-salicylic acid in d6-dmso, with proton decoupling.
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1 320a) 90MHz H nmr of H-m-chlorobenzoic acid in d6-dmso.
3 320b) 96MHz H nmr of H-m-chlorobenzoic acid in d6-dmso, with proton decoupling.
20c) 90MHz ^H nmr of m-chlorobenzoic acid in d6-dmso.
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1 3
21a) 90MHz H nmr of H-a-naphthoic acid in d6-dmso.
ij.  ...... ".. ^
"I-1  —  T"
8 7
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1 3
22a) 90MHz H nmr of H-3-naphthoic acid in d6-dmso.
3 322b) 96MHz H nmr of H-S-naphthoic acid in d6-dmso, with proton decoupling.
22c) 90MHz ^H nmr of 3 -naphthoic acid in d6-dmso.
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1 3
23a) 90MHz H nmr of H-isophthalic acid in d6-dmso.
COOH
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1 3
24a) 90MHz H nmr of H-chromone-2-carboxylic acid in d6-dmso.
COOH
24b) 96MHz H nmr of H-chromone-2-carboxylic acid in d6-dmso, with proton decoupling.
24c) 90MHz nmr of chromone-2-carboxylic acid in d6-dmso.
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3 325b) 96MHz H nmr of H-crotonic acid in d6-dmso, with proton decoupling.
25c) 90MHz nmr of crotonic acid in d6-dmso.
M J
-i0 i
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1 3
26a) 90MHz H nmr of H-benzamide in d6-dmso.
26c) 90MHz ^H nmr of benzamide in d6-dmso.
- 140-
27b) 96MHz 3H nmr of 3H-o-ethoxybenzamide in d6-dmso, with proton decoupling.
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] 3
28a) 90MHz H nmr of H-salicylamide in d6-dmso.
3 3
28b) 96MHz H nmr o f  H -s a lic y la m id e  in  d6-dm so, w ith  proton d e c o u p lin g .
28c) 9QMHz ^H nmr o f s a lic y la m id e  in  d6-dmso.
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3 3
29b) 96MHz H nmr o f  H - s a l ic y la n i l id e  in  d6-dm so, w ith  pro ton  decoup lin g .
29c) 90MHz ^H nmr o f  s a l ic y la n i l id e  in  d6-dmso.
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3 3
30b) 96MHz H nmr o f  H -N -b en zoy lbenzy l amine in  d6-dm so, w ith  pro ton  d e c o u p lin g .
30c) 90MHz ^H nmr o f  N -benzoy lbenzylam ine  in  d6-dmso.
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32a) 90MHz nmr o f  3H -a -m e th y lb e n zy l amine h y d ro c h lo r id e  in  d6-dmso.
3 3
32b) 96MHz H nmr o f  H -a-m eth y lb en zy lam in e  h y d ro c h lo r id e  in  d6-dmso, w ith  proton deco u p lin g .
32c) 90MHz 1H nmr o f a -m e th y lb e n zy l amine in  d6~dmso.
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1 3
33a) 90MHz H nmr of H-o-chlorobenzoic acid in d6-dmso.
34a) 90MHz ] H nmr o f 3H -o -a n is ic  a c id  in  d6-dmso.
-147-
1
3 334b) 96MHz H nmr o f  H -o -a n is ic  a c id  in  d6-dm so, w ith  pro ton  deco u p lin g .
34c) 90MHz nmr o f  o -a n is ic  a c id  in  d6-dmso.
o 6
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1 3
35a) 90MHz H nmr of H-cinnamic acid in d6-dmso.
3 3
35b) 96MHz H nmr o f  H-cinnam 1c a c id  in  d6-dm so, w ith  proton decoup ling*
11 10
I ........ I i i ' i    1
3 2 1 0 6
35c) 90MHz nmr o f  c i n n a m i c  a c i d  i n  d6-dmso.
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From the tables af results, it can be 'seen that rhodium 
trichloride will catalyse or-tho tritiation in a wide range 
of aromatic acids, amides and aralkyamines, In most cases, 
both radiochemical and chemical purity was found to be very 
high, even when only a simple work up procedure was 
performed. Further tic or hplc purification did not appear 
to be necessary, The anil ides13, which can be ortho 
deuterated, appear to be inactive to tritiation, a result 
which is presumably caused by the difference in the 
deuteration and tritiation conditions. This observation will 
be more fully discussed in Chapter 4, which deals with the 
deuteration and tritiation of pharmaceutical agents, where 
anilide drugs are among those studied.
Dealing with the acids first, the effect of other 
substituents on the regiospecificity of the reaction was 
investigated by labeling a number of ortho, meta and para 
substituted acids. In the case of the ortho acids, the group 
was found in most cases to merely block that position, and 
thus restrict labeling to the other free site. Examples of 
this are o-toluic and fluorobenzoic acids. A similar result 
was noted with o-ethaxybenzamide. The tritium nmr of the 
fluoro compound is interesting, as a sharp doublet is 
observed, instead of the customary singlet. This is due to 
fluorine-tritium coupling, which is not prevented by proton 
decoupling. A second small doublet can be seen at lower
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field, which is believed to be due to the presence of one of 
the other fluorobenzoic acid isomers, rather than an 
impurity caused by the reaction. This conclusion was reached 
after hplc on a spherisorb ODS column, eluted with 40% 
methanol, 59% water and 1% acetic acid, with monitoring at 
254nm, showed a 15% impurity present in the fluorobenzoic 
acid sample. This impurity was subsequently identified as p- 
fluorobenzoic acid by co-chromatography with an authentic 
standard of the para material.
There were, however, two instances where decomposition of 
ortho substituted benzoic acids was noted, In the first 
case, the tritium nmr of o-chlorobenzoic acid showed two 
lines, rather than the expected one, By comparing the proton 
spectra of the labeled and unlabeled material, extra signals 
between <5“8. llppm and SS.OOppm were observed in the labeled 
material, and the signal at <S8. 09ppm corresponded with the 
chemical shift of one of the lines in the tritium spectrum. 
The conclusion reached was that some dechlorination had 
taken place to give a mixture of ortho tritiated benzoic and 
chlorobenzoic acids. Further evidence to support this 
conclusion was obtained by hplc, where the impurity peak was 
found to co-chromatograph with a sample, of benzoic acid. 
This decomposition was found to be reproducible, as the 
reaction was repeated under identical conditions to give 
the same result.
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The second compound where decomposition was observed, was o- 
anisic acid. In this case it was believed that some 
demethylation of the methoxy group had taken place to give a 
mixture of salicylic and anisic acids. In the tritium 
spectrum, two lines were observed, with the major one <77%) 
corresponding to the ortho position in anisic acid, The 
proton spectrum of the unlabeled material was relatively 
simple with two quartets in the aromatic region and a 
singlet due to the methoxy group observed. The spectrum of 
the labeled material was much more complex in the aromatic 
region, with extra signals observed. The resonance at 
<5‘7.94ppm corresponded to the other signal in the tritium 
spectrum. On examination of the Integrals, it was noted that 
the methoxy peak had decreased in comparison to the aromatic 
region. Hplc analysis of the mixture showed two peaks, which 
were identified as o-anisic and salicylic acids by co- 
chromatography with authentic standards of these compounds. 
As in the case of the o-chlaro compound, the result was 
found to be reproducible. These two results were found to
agree very well with the work carried out by Jones and
Carroll13, but differed to those obtained by Lockley12 with
deuterium labeled o-anisic acid, where no decomposition was
observed. Such a difference is thought to be due to the
different reaction conditions used for deuterations and 
tritiations. <see p 104),
- 1 5 2 -
The other ortho substituted acid studied was salicylic acid. 
The tritium nmr showed that as well as the expected
resonance at (!>7.95ppm, there were other signals at 67. 06 and 
SQ,99ppm, Comparison of the two proton spectra, showed that 
no decomposition had taken place, and that the two other 
signals were due to tritium in positions 3 and 5. Such a 
result had been previously observed by Jones and Carroll 
with tritium, and by Lockley, who observed that the 
regioselectivity with deuterium was reduced in salicylic
s
acid. Incorporation in positions 3 and 5 is thought to occur 
by electrophilic exchange, activated by the hydroxy
group.12*1® Hence returning to the o-anisic acid example,
the tritium spectrum suggests ■ that decomposition to
salicylic acid occurs after exchange, as if decomposition 
occurred during exchange, multiple labeling would be seen.
Turning now to the meta acids, a very much simpler pattern 
was observed, with all of the substrates studied, founcL ta 
give ortho tritiated products with high regiospecificity, In 
most cases, the two meta positions were not resolved in the 
nmr, and a single line in the tritium spectrum was seen. In 
two cases, jranislc and 3,4-dichlorobenzoic acids, the 
chemical shifts of the two ortho positions were sufficiently 
different to allow two tritium signals to be seen, It was 
originally expected that steric hindrance of the 2~pasition 
might reduce the amount of labeling relative to the 6- 
position. However the tritium nmr spectrum showed that in
-153-
the case of J2?-anisic acid, equal amounts of tritium were 
present in positions 2 and 6. There was some evidence for 
steric hindrance to labeling in the 3,4-dichlorobenzoic acid 
though, as only 36% of the label was located in the ortho 
position between the carboxyl and the 3-chloro substituent.
Steric effects also played an important part in isophthallc 
acid, where only 5% of the label was present in position 2. 
The remainder was located in the unhindered 4 and 6- 
positions.
The situation in the para substituted acids, was generally 
quite straight forward, with regiospecific labeling observed 
in most cases. The only exceptions were the hydroxy and 
aininobenzolc acids, where a small amount of electrophilic 
exchange was observed with the usual ortho exchange. Of 
particular interest was the labeling of p-nltrobenzoic acid. 
This labeled as expected, with high ortho regioselectivity, 
and thus supports the idea that the reaction is homogeneous, 
as nitro groups poison heterogeneous catalysts. A similar 
observation was made by Garnett®, when using rhodium 
trichloride in deuteroacetic acid and deuterium oxide. It 
was found that nitrobenzene could be deuterated by 
homogeneous rhodium trichloride, but not by rhodium metal.
Of the other aromatic acids studied, oc-naphthoic, J3- 
naphthoic and chromone-2-carboxylic acid gave the expected
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ortho labeling. In the case of J3-napthoic acid, steric 
effects played an important part, as the majority of the 
label was present in the 3-position <90%), and only a small 
amount <10%) was located in the sterically hindered 1- 
position.
The situation in cinnamic acid, however, was quite 
different, as the tritium nmr showed that the labeled 
material contained a number of peaks, aromatic, vinylic and 
aliphatic. Examination of the proton spectra, suggested that 
partial reduction of the acid had taken place, producing a 
mixture of cinnamic and hydrocinnamic acids. It was thus 
concluded that cinnamic acid was not a suitable substrate 
for this reaction.
One nan-aromatic acid, crotonic acid, was studied, but no 
selectivity of labeling was found. All the available 
positions were labeled, with exchange in the methyl group 
and the oc-vinyl position favoured over the j3-vinyl. The 
proton spectra indicated that no reduction of the double 
bond had taken place.
In the case of the amides and aralkylamlnes, a similar
pattern to the acids was observed, with highly regiospecific
ortho labeling observed. Of particular Interest, was o-
ethoxybensamide, which did not undergo the dealkylation
©
reaction observed with o-anisic. Thus it suggests that this
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deal kyat ion is restricted to methoxy groups of the 
salicylate kind.
As expected, salicylamide and salicylanilide were the two 
exceptions observed. Salicylamide gave a similar result to 
salicylic acid, with labeling in positions 3 and 5 as well 
as the predicted artho position. In the case of 
salicylanilide, tritium was observed in three positions, 
with most ortho to the anilide grouping and artho to the 
hydroxy group<49% in each), and with a little <2%) found 
ortho to the amide group. This result is particularly 
interesting, as it is the first example where the anilide 
group has been found to act as an ortho directing group with 
tritium. As was mentioned earlier, the case of anilides will 
be fully discussed in Chapter 4.
Also of interest, is the compound ST-benzoylbenzylamine, 
which contains a linkage which is an amide group to one 
ring, and an aralkyamine group to the other ring. The 
tritium nmr showed that all the label was incorporated ortho 
to the amide group, suggesting that under the conditions 
employed for tritiation, the amide is a very much faster 
director than the aralkylamine group. This is consistant 
with the work performed by Lockley1 who found a greater 
degree of deuteration in the amides, than in the 
aralkylamines.
The tritium work with only a few exceptions agrees very well 
with the work carried out by Lockley with deuterium, 12 and 
it thus would lend further support to the idea that a 
cyclometalation reaction between the rhodium species and the 
substrate takes place by means of complexatlon between the 
functional group and the ortho position in the ring.22 Such 
a possible scheme is shown in Figure 2.
EigUES- 21
Without any detailed mechanistic studies, there is little 
evidence to support any particular catalytic intermediate, 
but the regiochemistry makes this scheme appear likely. Also 
there are many examples of carboxylate complexes of rhodium 
in the literature,23'2"4 and the kinetic work carried out in 
the heterogeneous and homogeneous deuteration of 
hydrocarbons, suggests that aryl-metal bonds are involved in 
the process.23'2® A much fuller account of the possible 
mechanism of the reaction will be found in Chapter 3,
L a v e g t l g a t i  o n  o f  o t h e r :
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Having found a number of directing groups, and established 
that some form of cyclometalation reaction involving the 
functional group and the ortho position was likely, the next 
stage was to investigate other possible ortho directors in 
aromatic systems. The results obtained in this study are 
listed in Table 6, followed by the tritium and proton 
spectra of the compounds which labeled, together with the 
proton spectrum of the unlabeled material.
X a b ls -  5 j _ I hY S -S .tl.ga ,t . f o n  o £ . Q t h s x  X > lr.s.s.t.i.hg . GxQ.up.S-i-
o f. tx ltJL u m  f o u n d  
M E .  G r o u p  x l h g  s ld s .  ohialiL
36) Ar— CHZCOOH 0% 100%
37) A r -C H 2CH2COOH 0% 100%
38) Ar-CH(M e)C00H 0% 100%
39) Ar— C0CH3 7% 93%
40) Ar— CH2CN 4% 96%
41) Ar— CHO 100% 0%
Ar— COOCH 3 0 % 0%
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3 3
36b) 96MHz H nmr o f  H -p h e n y la c e tic  a c id  in  d6-dm so, w ith  proton d ecoup lin g .
36c) 90MHz nmr o f  phenyl a c e t ic  a c id  in  d6-dmso.
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1 337a) 90MHz H nmr of H-hydrocinnamic acid in d6-dmso.
n  r ■ ------1— ■— ■— i " t   i — i 1 —— r ' — i------— — r — ........... i —---------1
1 1 1 0  9 8  7 6  5 4 3  2 1 0 6
3 3
37b) 96MHz H nmr o f  H -hydrocinnam ic a c id  in  d6-dmso, w ith  proton deco u p lin g .
37c) 90MHz nmr o f  hydrocinnam ic a c id  in  d6-dmso.
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1 338a) 90MHz H nmr of H-2-phenylpropionic acid in d6-dmso.
3 3
38b) 96MHz H nmr o f  H -2 -p h e n y lp ro p io n ic  a c id  in  d6-dm so, w ith  pro ton  deco u p lin g .
38c) 90MHz ^H nmr o f  2-phenyl p ro p io n ic  a c id  in  d6-dmso.
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39c) 90MHz nmr o f  acetophenone in  d6-dmso.
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1 340a) 90MHz H nmr of H-o-methoxyphenylacetonitrile in d6-dmso
CHjCN 
'OCH, a,0
U
0 6
3 340b) 96MHz H nmr o f  H -o -m e th o x y p h e n y la c e to n itr ile  in  d6-dm so, w ith  proton d e c o u p lin g .
J l
o &
40c) 90MHz ^H nmr o f o -m e th o x y p h e n y la c e to n itr ile  in  d6-dmso.
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3 3
41b) 96MHz H nmr o f  H -benzaldehyde in  d6-dm so, w ith  pro ton  decoup lin g .
41c) 90MHz nmr o f  benzaldehyde in  d6-dmso.
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As can be seen from the results in the table, only one of 
the groups investigated would act as an ortho director with 
rhodium trichloride. In this case, the specific activity of 
the benzaldehyde was only 10% of that normally obtained with 
benzoic acid. Hence it can be concluded that the aldehyde 
group is only a weak director of the rhodium trichloride 
catalyst. However, it can also be postulated that as the 
aldehyde group is sensitive to oxidation, the mechanism of 
labeling in this case might involve an oxidation reaction to 
the carboxyl species, followed by exchange, and concluded 
with a reduction back to the aldehyde. However in the 
absence of more data, it is not possible to say which of the 
mechanisms is correct.
Methyl benzoate was an interesting case, as it shows that 
the esterification of the acid grouping, destroys its 
ability to act as a directing group. Practically no labeled 
material was found, and thus this example suggests that the 
ability of the acid group to ionise is an important step in 
the complexation with rhodium trichloride.
The effect of increasing the length of the side chain of the 
directing group was studied by looking at phenylacetlc acid, 
hydrocinnamic acid and 2-phenylpropionlc acid. As can be 
clearly seen, the addition of one methylene group, 
completely destroys the ortho directing ability of the
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carboxyl group, as the methylene alone is labeled. This is 
not entirely unexpected as the extra methylene group means 
that the intermediate complex would have a six memtoered 
ring, rather than the favoured five merabered species thought 
to exist with the carboxyl, amide and aralkylamine groups, 
Addition of a further methylene group, as studied by 
hydrocinnamic acid, led to some labeling of the methylene 
adjacent to the carboxyl, but the amount of activity 
recorded was reduced from lOmCi in phenylacetic, to 0.5mCi 
in hydrocinnamic acid. In 2-phenylpropionic acid, the 
methine proton alone was labeled.
Finally, in this section p-raethoxyphenylacetonitrile and 
acetophenone were tested for directing ability, with little 
success, In acetophenone, the methyl group was extensively 
labeled, with only a small amount found in the ring and in 
p-raethoxyphenylacetonitrile, the majority of label was found 
in the methylene group, with only a little found in the 
ring. Hence it would appear that in aromatic systems, only a 
few functional groups are capable of undergoing a 
cyclometalation reaction with rhodium trichloride, and thus 
capable of being ortho deuterated or tritiated.
jjagQg&igaXlfgL o£ fcetorQoyl ic directing groups
Having studied aromatic compounds quite extensively, the 
next step in the work was to look at the potential directing
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ability of heterocylic groups. All the compounds 
Investigated could potentially form five membered chelates 
between the nitrogen and an aromatic position in an adjacent 
ring. The results obtained are shown in Table 7, followed as 
before, by the nmr spectra of the compounds which labeled.
T a b le .  Z j_ I n a a s M g a b i f l a .  o£.
UME. Compound. Structure
n o .
r tlx e .Q t.f  n g . g r o u p s . , .. 
E o s lM ja n a  L ab eJL ed .
42) 2-Phenyl- 
pyridine
' o' 6
<95%) <5%)
43) 2,5-Diphenyl- 
oxazole
' o ’
<1 0 0 %)
o44) 1-Phenyl- r— #o
pyrazole \ — / <100%)
o
8 NMe2
45) N,N-Dimethyl-
2
2 8
a-naphthylamine <54%) <36%)
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indole
2 - P h e n y l -
Nicotinic
acid
COOH
Benzimidazole
46) 7,8-Benzo- 
quinoline
2
<100%)
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43a) 90MHz nmr o f  3H -2 ,5 -d ip h e n y lo x a z o le  in  d6-dmso.
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3 3
43b) 96MHz H nmr o f  H -2 ,5 -d ip h e n y lo x a z o le  in  d6-dm so, w ith  proton decoup lin g .
43c) 90MHz ^H nmr o f  2 ,5 -d ip h e n y lo x a z o le  in  d6-dmso.
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3 3
44b) 96MHz H nmr o f  H -1 -p h e n y lp y ra z o le  in  d6-dm so, w ith  pro ton  d ecoup lin g .
4 4c) 90MHz 1H nmr o f  1-p h e n y lp y ra z o le  in  d6-dmso.
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3 3
45b) 96MHz H nmr o f  H -N ,N -d im e th y l-a -n a p h th y la m in e  in  d6-dm so, w ith  proton d e c o u p lin g .
45c) 90MHz ] H nmr o f  N ,N -d im e th y l-a -n a p h th y la m in e  in  d6-dmso.
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3 3
46b) 96MHz H nmr o f  H -7 ,8 -b e n z o q u in o lin e  in  d6-dm so, w ith  proton deco u p lin g .
46c) 90MHz ^H nmr o f  7 ,8 -b e n z o q u in o lin e  in  d6-dmso.
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From the results, the compounds can be divided into three 
groups, those which labeled, those which did not, and those 
compounds which could not be isolated. Dealing with the 
compounds which labeled first, 1-phenylpyrazole and 2,5- 
diphenyloxazole were found to label with high 
regiospecificity in the expected 'artho' position, and in 2- 
phenylpyridine the specificity was still 95% in the 'ortho' 
position with a residual 5% found in the position adjacent 
to the nitrogen. Thus in these cases the heterocylic group 
is behaving as an ortho directing group with rhodium 
trichloride.
F,F~dimethylnaphthylamine, although not a heterocyclic, was 
studied with these compounds, and was found to predominatly 
label in the 2 and 8-positions, as would be predicted from 
the structure. This result ties up with the deuterium work 
carried out by Lockley, who found that in F-methyl and F, F- 
dimethylaniline, some ortho deuteration could be achieved.27 
The tritium nmr, however, did indicate that radiochemical 
impurities made up some 10% of the total activity, thus it 
can be concluded that some degradation occurs during the 
reaction.
In 7,8-benzoquinoline, which was expected to label In a 
similar fashion to 2-phenylpyridine, all the label was 
located in the position adjacent to the nitrogen (position
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2), rather than the ' ortho* 12-position. This difference is 
believed to be caused by the rigidity of the molecule when 
compared to 2-phenylpyridine. In 7,8-benzoquinoline, the 
molecule is held rigid by the third ring and thus, if as is 
supposed, that the 2-position is in the wrong plane for 
complexing, it is unlikely that much, if any exchange will 
take place. In 2-phenylpyridine the molecule is free to 
rotate and thus can form the five raembered complex very 
easily,
2-Phenylindole was the only compound studied, where no 
labeling occured. The proton spectrum showed that the 
material was recovered unchanged, and a 72 hour tritium nmr 
run failed to reveal any labeled product. The reason for the 
lack of reactivity is unclear, but it probably involves the 
N-H bond, a feature not present in the other substrates. It 
is possible that it prevents complexation with the metal 
species.
In the remaining two cases, none of the original material 
could be recovered. Instead brightly coloured compounds were 
produced, which were stable to acid and alkaline hydrolysis, 
as well as reaction with hydrogen sulphide. It was not 
possible to obtain an nmr spectrum of the compound as a 
paramagnetic species was present, and thus it was concluded 
that a stable chelate involving two functional groups had 
been formed. Hence in the case of nicotinic acid, it is
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like ly that the rhodium has complexed with the nitrogen and 
the carboxyl, giving a very stable five membered ring. Thus 
it can be concluded that the method is unsuitable for 
compounds containing a heterocylic functional group in close 
proximity with any other directing group. It should be 
possible, however, by derivatising the nitrogen, to block 
its chelating ability, and allow the other group to direct 
the rhodium catalyst to the desired ring position. Thus in 
say, nicotinic acid, if the nitrogen is methylated, it ought 
to be possible to label the compound ortho to the carboxyl 
group, and then demethylate to get tritiated nicotinic acid.
Inyggtlgat.ion o£. othax. potential metal, catalysts
The results of this study using benzoic acid as substrate 
under the standard conditions are given in Table 8.
labia. &jl P _ g o f .  Qihan Catalysts.
QgjBpQ.tt.nd. SposiXis. Activity mCi/mmole
RhCl33Ha0 25
RuC1s3 1
Ru(acac)3 137
Rh(acac)a 5
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Ir(acac)s 
Fe(acac)a 
Co(acac)2 
STi(acac)2 
Pd(acac)2 
Pt(acac)2 
Mn(acac)3 
Mn(acac)2 
V(acac)3 
Cr(acac)s
The active catalysts found were then 
reactivity on benzoic acid, benzainide 
results are shown in Table 9:-
tested for range of 
and benzylamine. The
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Takls. 2jl QQ.ropa.rjLs.Qn of. Active Catalysts.
Sps-Q.if.io a o tjL y .L ty . mCL/ mmole 
Catalyst b.snz..Qi.g aolX bsn&a raids. be_n.zy_lamine
RhClsSH^Q 25 13 15
Ru<acac)s 137 - -
Rt(acac)3 5 - -
RuCls 1 nd nd
After making the specific activity comparisons between the 
active catalysts, they were tested for specificity of 
labeling using the standard reaction conditions, The results 
are shown in Table 10, and are followed on pages 179-186 by 
the nmr spectra.
Of. AgM.YS
%. Qr±hsi
100%
100%
100%
100%
X a S la . 1-0- EsglQSpsg.LfjLGl.ty_ Investigations 
Q a l a l y s t - s ,
M R  Catalyst
H Q  n.
47) Rh(acac)3 benzoic acid
48) Ru(acac)3 benzoic acid
49) Ru (acac)3 o-toluic acid
50) Ru(acac) 3 3, 4-dichloro- 
benzoic acid
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51) Ru<acac)s
52 > Ru (acac > at
53) Ru<acac)s
54) Ru (acac) a,
3,4,5-trimethoxy- 
benzoic acid
p-fluoro- 
benzoic acid
a-naphthoic 
acid
o-chloro- 
benzoic acid
100%
100%
95%
* The tritium nmr showed that a 20% impurity was present 
with the ortho tritiated o-chlorobenzoic acid.
47a) 90MHz nmr o f  3H -benzo ic  ac id  in  d6-dmso.
- — i----------k—4------------- i -r— ------------- ,---------------- ,— --------------- 1 111 ----------  n------------------r —  r1---------H — i
It 10 9 8 7 6 5 4 3 2 I 0
47c) 90MHz nmr o f  benzo ic  a c id  in  d6-dmso.
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1 3
48a) 90MHz H nmr of H-benzoic acid in d6-dmso.
48c) 90MHz ^H nmr o f  benzo ic a c id  in  d6-dmso.
j i
1 1 ' T "
3 2
-181-
-182-
1 3
50a) 90MHz H nmr of H-3,4-dichlorobenzoic acid in d6-dmso.
o 5
3 350b) 96MHz H nmr o f  H -3 ,4 -d ic h lo ro b e n z o ic  a c id  in  d6-dm so, w ith  proton d e c o u p lin g .
50c) 90MHz nmr o f  3 ,4 -d ic h lo ro b e n z o ic  a c id  in  d6-dmso.
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3 3
51b) 96MHz H nmr o f  H -3 ,4 ,5 -tr im e th o x y b e n z o ic  a c id  in  d6-dmso, w ith  pro ton  deco u p lin g .
51c) 90MHz nmr o f  3 ,4 ,5 -tr im e th o x y b e n z o ic  a c id  in  d6-dmso.
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3 3
52b) 96MHz H nmr o f  H -p -f lu o ro b e n z o ic  a c id  in  d6-dm so, w ith  proton d e c o u p lin g .
52c) 90MHz H nmr o f  p -f lu o ro b e n z o ic  a c id  in  d6-dmso.
-185-
3 353b) 96MHz H nmr o f  H -a -n a p h th o ic  a c id  in  d6-dmso, w ith  proton d ecoup lin g .
o 6
J[JLa J -A— —i
0 6
-186-
1 354a) 90MHz H nmr of H-o-chlorobenzoic acid in d6-dmso.
3 3
54b) 96MHz H nmr o f  H -o -c h lo ro b e n zo ic  a c id  in  d6-dm so, w ith  proton decoupling
— ..........|————r——--- 1...——i-----T ” r-
11 10 9 8 7 6 5
54c) 90MHz ^H nmr o f  o -c h lo ro b e n zo ic  a c id  in  d6-dmso.
r :
0 6
“10 6
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First ly dealing with the study to find other active 
catalysts, it appears that only a small number of metal 
complexes will catalyse the ortho tritiation of benzoic 
acid. Of particular interest was ruthenium acetylacetonate, 
as it was found to be an excellent catalyst for the 
tritiation of benzoic acid, giving a specific activity 5 
times greater than achieved using rhodium trichloride, with 
the same high regiospecif icity. It also did not appear to 
suffer degradation to the metal, as is observed with rhodium 
trichloride, making it a suitable material for kinetic 
investigations. Studies on a number of substituted benzoic 
acids gave similar results to rhodium trichloride, with high 
regioselectivity for ortho exchange observed. A slight loss 
of regioselectivity was noted with a-naphthoic acid, where 
5% of the label was found in the 8-position, and in o- 
chlorobenzoic acid, the dehalogenation side reaction was 
observed, but this was not as extensive as seen with rhodium 
trichloride, (Table 10).
Having observed the good catalytic activity of ruthenium 
acetylacetonate, a number of other metal acetylacetonates 
were tested for their catalytic ability, with disappointing 
results. Of those tested, only the rhodium complex showed 
any activity, and this was only a fifth of the specific 
activity achieved with rhodium trichloride. In all the other 
cases, no labeled benzoic acid was isolated.
The other active catalyst found was ruthenium chloride, but 
the specific activity achieved was so low, that it was not 
considered worth investigating this material any further. 
(See Table 8)
The next step was to test the active catalysts on compounds 
containing other functional groups by reaction with 
benzyl amine and benzamide. As can be seen from Table 9, 
rhodium trichloride is the most versatile compound, as it 
shows good reactivity with acids, amides and aralkylamines. 
Both ruthenium and rhodium acetylacetonate showed no 
activity to benzamide and benzylamine. The reason for this 
difference is not clear, but it does mean that rhodium 
trichloride remains the most generally useful catalyst.
To summarise, the compounds which can be labeled using 
rhodium trichloride, include aromatic acids, amides and 
aralkylamines, and a number of heterocylic groups can also 
act as directors. The only exceptions Involve ortho chloro 
and anisic acids, where some degradation is observed, and in 
compounds containing hydroxy or amino groups, where some 
electrophilic exchange is seen in addition to ortho 
exchange. However these are only minor problems, and in the 
case of the chloro and anisic acids, it is a relatively 
straightforward matter to remove the degradation products by 
hplc, to leave the pure ortho tritiated acids.
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The one drawback, of rhodium trichloride is its 
instability under the reaction conditions, as rhodium metal 
is produced during the course of the reaction. Unless a way 
to stablise the catalyst can be found, it is unsuitable for 
use in kinetic and mechanistic work. This is where ruthenium 
acetylacetonate comes into its own, as it appears to be 
stable under the reaction conditions. It is however more 
limited in scope, but will label acids to a higher specific 
activity than achievable with rhodium trichloride.
f
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Xnjbr.Qd M.QM .p n
The work described in the previous chapter, has looked at 
the regiospecific rhodium trichloride catalysed tritiation 
in aromatic acids, amides, aralkylamines and heterocyclics, 
with the purpose of studying the scope of the rhodium 
trichloride catalyst, and also to see whether other metal 
complexes would catalyse this reaction.
The resulting high regiospecificity for ortho exchange with 
the studied functional groups has led to speculation that 
the reaction is taking place via a cyclometalation process,1 
with the formation of a five membered intermediate, with the 
metal species complexlng between the functional group and 
the ortho carbon <Fig 1>.
Elg. l_i_ Ea.s.gJJa.l..a, QyQlqmetaXated, intermediate between benzoic 
a.Q.i.d. and. rhp.dl.um trichloride.
Cyclometalation complexes are well known in organometallic 
chemistry, and are particularly common where coordination 
involves a nitrogen donor. Recent examples include the 
reaction of bisbipyridyl ruthenium< 11) complexes with
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ligands such as azobenzene, 7,8-benzoquinoline and 2-phenyl 
pyridine to form rutheniumd I) cyclometalates. 2
However, there are many examples of cyclometalation 
complexes, .where the donor atom is not nitrogen. Far example 
acetophenone will form a five membered ring species with 
ruthenium complexes,3 with coordination between the carbonyl 
oxygen and the ortho carbon, and cyclometalated complexes of 
benzoic acid with rhodium and iridium have been isolated
with the structure of the iridium complex confirmed by X-ray 
crystallography.4*- This example is particularly relevant, as 
it provides firm evidence that a cyclometalated rhodium
complex of benzoic acid can be formed, albeit under very 
different conditions to those used for tritiation; but it 
does at least show that such a species is possible in the 
reaction under study.
A cyclometalation intermediate has been used to explain
hydrogen exchange in the complex bis(triphenylphosphite)
(acetylacetonato) rhodiura(I) . 5 The complex was reacted with 
deuterium gas in benzene at temperatures of 65 °C and 75 °C, 
and it was found that in addition to exchange in the central 
methine position of the acetylacetone ligand, exchange in 
the ortho positions of the coordinated phosphite ligands was 
also seen. The mechanism devised to explain these 
observations envisaged that exchange in the ortho positions 
was brought about by oxidative addition of deuterium to a
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cyclometalated Rh(I> species to form a Rh(III) complex, 
followed by reductive elimination of the aryl and deuterium 
ligand.
Although these examples do not relate directly to the 
reaction under study, they may well come in useful when it 
comes to proposing a mechanism for this reaction. Similarly 
work on the other common homogeneous metal hydrogen exchange 
catalyst, tetrachloroplatinate,s which is discussed later 
on, may also be of value in elucidating a mechanism. 
However, both the data on cyclometalation complexes and the 
tetrachloroplatinate work do not directly relate to the 
present reaction, and in order to gain information on the 
mechanism, it is necessary to make a number of detailed 
kinetic measurements.
It has already been mentioned, in Chapter 2, that rhodium 
trichloride degrades to rhodium metal during the course of 
the reaction, and thus is not suitable for kinetic work. In 
the initial stages of the study, attempts were made to try 
to stabilise the rhodium trichloride system, but 
unfortunately, all attempts were unsuccessful. Various DMF 
solutions with dilute acid or metal salt solutions were 
monitored at 50 °C in a uv spectrophotometer, but in all 
cases, metal precipitation was observed within 24 hours.
- 1 9 6 -
Hence it was decided to use ruthenium acetylacetonate as an 
model catalyst to study the kinetics of the reaction, as 
this material has been found to label benzoic acids with 
high regiospecificity in the ortho position, without any 
evidence of degradation.
E x p e rim e n ta l.
Materials
Most of the substrates used in the study were obtained from 
commercial suppliers, with the purity checked by 1H nmr 
before use. The catalysts used were also obtained from 
commercial sources, with a minimum purity of 97%, and were 
used without further purification. 10SRu was obtained in the 
form of a Ru<III) chloro complex, from Amersham 
International,
Preparation of. tritiated substrates
All the tritiated substrates were prepared by homogeneous 
rhodium trichloride-catalysed exchange, in DMF, as described 
in Chapter 2. The compounds were analysed by ’H and 3H nmr 
prior to use in kinetic work.
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The reaction,
catalyst
RT + H20------- --------- — — ► RH + TH O
was performed using tritiated substrate at trace level 
(<10—^M), which results in the normal second order rate 
expression, reducing to a pseudo-first order one:-
Rate = -dC X] = k2[ X3 [Catalyst] 
dt
as [Catalyst] is very large compared to CX] ,
-diXL = k■=>*,»[ X] 
dt
where C X] is a measure of the radioactivity of the tritiated 
substrate.
Integrating:
l.nC.Xo.L = - ko ts» t 
I Xt]
where [XQ] and I Xt.] represent the radioactivity of the 
substrate at time t = 0 and t, respectively.
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InC X-t-X«»3 * k o b t i t
w h e r e  C X<»] , i s  t h e  r a d i o a c t i v i t y  o f  t h e  s u b s t r a t e  a t
i n f i n i t e  t i m e  ( o r  m o re  t h a n  t e n  h a l f  l i v e s ) .
H e n c e  a  p l o t  o f  InC X*.-X«„] a g a i n s t  t  w i l l  g i v e  a  s t r a i g h t
l i n e  w i t h  a  s l o p e  -k^ t ,* . ,  f r o m  w h i c h  k 2  c a n  b e  e a s i l y
c a l c u l a t e d .
Det.r. it jLaf-i.on of. hangqfc. aslA stiLUi varying ruthenium 
asetyIas.et.Qnate. cataiygt concent rati on.
R u t h e n i u m  a c e t y l a c e t o n a t e  <996mg) w as  made u p  t o  2 5 c c  i n  a  
v o l u m e t r i c  f l a s k ,  w i t h  a  m i x t u r e  o f  d i m e t h y l f o r m a m i d e  a n d  
w a t e r  i n  t h e  r a t i o  7 p a r t s  t o  1, v o l u m e  t o  v o l u m e ,  w i t h  t h e  
c a t a l y s t  c o n c e n t r a t i o n  e q u a l  t o  0 . 1M. The  c a t a l y s t  s o l u t i o n  
w as  k e p t  i n  t h e  f l a s k  a t  5 0 ’ C, i n  a  w a t e r  b a t h ,  t o  p r e s e r v e  
t h e  s o l u b i l i t y  o f  t h e  c a t a l y s t .
E a c h  k i n e t i c  r u n  w i t h  0 .1 M  c a t a l y s t  was  t h e n  p e r f o r m e d  by  
p i p e t t i n g  2 c c  o f  t h e  c a t a l y s t  s o l u t i o n  i n t o  a  s c r e w  c a p  
t u b e ,  a n d  a d d i n g  a  t r a c e  ( l O p l )  o f  a  DMF s o l u t i o n  o f
t r i t i a t e d  b e n z o i c  a c i d .  A f t e r  s h a k i n g  t h e  t u b e ,  i t  w a s  t h e n  
p l a c e d  i n  a  t h e r m o s t a t i c a l l y  c o n t r o l l e d ( ± 0 . 1 °C> o i l  b a t h ,  a t  
110°C .
Alt ernati vel y the expression can be rearranged;
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Samples (100/j.l) were then taken, at various time intervals, 
and were partitioned between toluene <10cc> and HC1 (2cc, 
3M> . After the two layers had separated, the toluene layer 
was pipetted, and dried with anhydrous sodium sulphate, 
before 2xl00juil samples from each reading were blended with a 
toluene, diphenyloxazoleCPPQ) , liquid scintillator (2cc> in 
a disposable polythene counting vial, to determine the 
radioactive content of the benzoic acid. The small aliquot 
for counting was used, due to the Intense colour of the 
catalyst in the toluene fraction, which was found to reduce 
the counting efficiency when larger volumes were 
used <>lOOpl ) .
The reaction was followed to between 80 and 90% completion, 
and the infinity value was obtained by taking two samples 
when the reaction had completed at least ten half lives, and 
taking the average of the two.
A plot of In <DPM-fc.-DPM«,> against t in hours was made', with 
the pseudo-first order rate constant k0b« obtained from the 
slope, by the method of least squares. Hence the second 
order rate constant k2 was obtained by dividing kob« by the 
catalyst concentration.
The run using 2cc of 0.1M catalyst solution was then 
repeated with 5/il of the benzoic acid solution, to check 
that the reaction was obeying pseudo-first order kinetics,
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as the rate should be inde pendant of the benzoic acid 
concentration, when its concentration is very low compared 
to the catalyst concentration. The results of the two runs 
are shown in Tables 1 and 2, and the plots can be seen in 
Figure 2.
Further runs, some in duplicate, were then performed at 
varying catalyst concentration, 0.08 to 0.01M, by diluting a 
sample of the stock 0. 1M catalyst with the appropriate 
amount of 7:1 DMF/water, so that the volume of catalyst 
solution was 2cc. The results of this study are shown in 
Table 3, with a plot of the first order rate constant 
against the concentration of the catalyst shown in Figure 3.
P e t r  11ia jJLpn  q £  b e n zo le  aeJLdl h y  cn X lie n iim  a c e ty la c e to n a te . 
wi t h  v a r y in g . s a X v e n t. opjB pggXt. 1 oblu
A number of detritiation runs on benzoic acid were performed 
using 0.075M ruthenium acetylacetonate, with variation of 
the solvent composition from between 19:1 DMF/water to 2:1 
DMF/water. As before, the reactions were performed at 110°C 
and analysis was performed by the same solvent extraction 
procedure. Ratios above 19:1 could not be successfully 
investigated because the gradual evaporation of water, which 
was observed at all solvent ratios, became too much of a 
factor, where only small amounts of water were present in 
the solvent, The 2:1 mixture was the highest amount of water
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which could be used without causing the catalyst to come out 
of solution, caused by its poor solublity in water.
A plot showing runs at 19:1, 9:1 and 3:1, DMF/water is shown
in Figure 4, and the results of all the runs are summarised 
in Table 4.
Rg.txiMMi.pn gubstitULted benaois. acids by ruthenium
a c e t y la c e t  p n a t e ,
The detrltlation of a number of p-substituted benzoic acids 
was performed using 0.05M ruthenium acetylacetonate, 7:1 
DMF/water, 110°C, in order to establish the Hammett reaction 
constant for the reaction.7 *s Hence the acids chosen ranged 
from acids containing strong electron withdrawing groups 
such as p-nitrobenzoic acid, to those with strong electron 
donating groups, such as p-anisic acid. Para-substituted 
acids were used, to ensure that the ortho position to the 
carboxyl was sterically unhindered.
The results of this study are given in Table 5, which 
includes the second order rate constant for each acid, 
together with the Hammett substituent constant (<r) . A plot 
showing the detritiation of several of the acids is shown in 
Figure 5a, and the Hammett plot from which the reaction 
constant is calculated is shown in Figure 5b.
BfidaciMajLi a n  of. Qfebac s j j t e fcrafces  b y  ru th e n iu m
acofyfaceton&te t
The detritiation of chromone-2-carboxylic acid, oc-naphthoic 
acid, benzamide, 2-phenylpyridine, and 2,5-diphenyloxazole 
was studied with 0.075M ruthenium acetylacetonate as
catalyst at 110°C in a 7:1 DMF/water solvent, As before,
analysis was performed by solvent extraction, but the
aqueous phase was modified, depending on the properties of 
the substrate. Hence with basic and neutral substrates, 2cc 
of 1M potassium hydroxide was used in place of the 3M HC1.
The results are given in Table 6, with plots of the
detritiation of chromone-2-carbaxyllc acid, 2,5-diphenyl­
oxazole and 1-phenylpyrazole given in Figure 6.
D e tx i.t i a t .i on of. b e n zo ic , a c id  b y  o j t hg n l im  a c e ty la c e to n a te  
w it h  an  inxesLfcigabion of. th e  e ff e c t , o f  pH.
The detritiation of benzoic acid was studied under the 
standard conditions using 0.075M ruthenium acetylacetonate, 
except that the water in the DMF/water solvent, was replaced 
by a series of buffer solutions, with varying pH values. In 
each case the pH of the reaction mixture was measured before 
the reaction was started, and it was also checked at the end 
of the reaction.
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The results are given in Table 7, which has details of the 
buffer solutions used, together with the pH values at the 
start and at the end of the reaction. A pH rate profile is 
shown in Figure 7.
0flt3CiM.atjL.Qn. oX ba.nz.Qic. a_Gi.fl by ruthenium acetylacetonate 
seLfck an Insestlga M o n  oX the primary salt effect.
The detritlation of benzoic acid with ruthenium 
acetylacetonate under the standard conditions, was studied 
with the addition of 0.025M, 0.05M and 0.1M lithium
chloride, to study whether the reaction showed a primary 
salt effect. The results are shown in Table 8.
EasiestigaMan . oX ruthenium hexafluoroacety 1 acetonate as a. 
potential sataJLysX for the. ortho fle_tr.it l a M o n  oX benzoic 
acifli,
Ruthenium hexafluoroacetylacetonate was prepared by the 
method of Barbieri, by reaction of anhydrous ruthenium 
trichloride<500mg) in water(lOcc) with potassium
bicarbonate<960mg) and hexafluaraacetylacetone(2g), under 
reflux for 8 hours.3
-204-
After reaction, the complex, which was a deep violet in 
colour as apposed to the black colour of the trichloride, 
was extracted into benzene. The benzene fraction was then 
washed several times with water until the aqueous fraction 
was colourless, these washings being collected and pooled 
together. The benzene fraction was then dried over anhydrous 
sodium sulphate, and the solvent removed by rotary 
evaporation, to leave pure ruthenium
hexafluoroacetylacetonate.
In the meantime, the aqueous extracts, including the residue 
in the reaction flask, were rotary evaporated and 
redissolved in water, and refluxed once more with potassium 
bicarbonate and hexafluoroacetylacetone. The complex was 
extracted and purified as described above, and combined with 
the original batch. The structure and purity of the complex 
was checked by carbon and hydrogen microanalysis.
The compound was then tested for its ortho directing ability 
by carrying out a standard tritiation reaction with benzoic 
acid, using the experimental conditions as described in 
Chapter 2. The tritium and proton nmr of the labeled benzoicilbji
acid is shown in Figure 8.
In the meantime, a detritiation run on benzoic acid was 
attempted using a 0. 075M solution of the compound in 7:1 
DMF/water at 110°C.
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RMxitjLaitijcm of? ben&p.i.c acid. by. mtibsniim acetylacetonate 
Mibb aa inyggti gation of. addfid barohydride.
Three detritiation runs with benzoic acid were carried out 
with ruthenium acetylacetonate as catalyst, where a small 
amount of sodium borohydride was added to the reaction 
mixture. The results are given in Table 9.
Ex^paxaMsm ami use. q£ 1 h e n i urn acetylacetonate.
Ruthenium chlorideClOOmg) was added to ImCi of a loeRu<III) 
chloro complex dissolved in water(2cc) which contained 192mg 
of potassium bicarbonate and 192mg of acetylacetone. The 
reaction was refluxed for 8 hours, cooled and the 
acetylacetonate was extracted with benzene.3 The benzene 
extracts were washed with water, until the aqueous extracts 
were colourless, before the pure 1°®Ruthenium
acetylacetonate was isolated by rotary evaporation of the 
benzene, A second reaction on the remaining 1oeRu chloro 
complex, was carried out using the same quantities of 
acetylacetone and potassium bicarbonate. The ruthenium 
acetylacetonate obtained from this second run, was pooled 
with the first batch, and stared at -20°C in ethanol, until 
required.
129piCl of the 10®Ruthenium acetylacetonate was mixed with 
inactive ruthenium acetylacetonate, so that the 
concentration in 2cc of 7:1 DMF/water was approximately
-206-
0. 1M. Inactive benzoic acid (10mg> was added and the 
reaction was allowed to proceed at 110°C in a thermostatted 
oil bath. Samples were withdrawn at various time intervals 
and were analysed by hplc (Spectra Physics SP8700 pumps), 
both with uv/vlsible and radioactive monitoring, A Cecil 
CE212 uv detector set at 254nm was used for uv measurements, 
and a Nuclear Enterprises 'Isoflo 1" radioflow detector with 
liquid scintillation (Unisolve E) was used for radioactive 
measurememts. Both detectors were interfaced to an Apple 
computer.
A spherisorb SODS analytical column was used with a solvent 
system of 40% methanol, 59% water and 1% acetic acid.
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Sesulfs. 
PatrJJilaJLijm of. Benzoic acli by Bufbenliya Acetylacetonate. 
Kadation of! Catalyst QgnQ.entxati.Qa
The data collected using 0. 1M ruthenium acetylacetonate, 
with lOpl and 5p.l benzoic acid solution are shown in Tables 
1 and 2 ,
Table.. Ix D-etx.iA.lat-1-q.n.. of. benz d c  add. with Ru (acac) a
■JLQjjjJL benzole, add.
TI melhr.s.).. InlDEJLu-DEM*.),
0 376,252 12, 84
6 242,802 12.40
11 171,236 12. 05
21 97,734 11. 49
27 60,097 11. 00
33 44,232 10. 70
k2 = 18,3xl0—®l/mole sec.
Table. 2x be.f.xLd.at.i.q.n of. benzoic, add, with 0. 1M Ru (acac)3 . 
§jlL benzoic. add,
Xi.roe.lhrs)  D£MAzb.EMm. 1 n (DPM-t.—DF M«>)
0
6
1 1
205,673 
138,690 
100,487
12. 23
11. 84
11. 52
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27 36,918 10,52
33 25,780 10.16
kss = 17.4xl0~3l/mole sec.
Average k=> = 17. 85x10~&1/mole sec.
The rate constants obtained for the detritiation of benzoic 
acid with ruthenium acetylacetonate concentrations between 
0.1M and 0.01M are shown in Table 3.
Table. 3_l_ PetrLM._atl.QiL of. b.s.nz..gLic. acid. with. SiLiagaaha. 
[.Ru.<agagLls»J_ M. Zses. 103k^ iZmaLs. §s s.
21 55,271 10.92
0. 1 1. 79 17. 9
0. 08 1. 60 20. 0
0. 067 1. 37 20. 5
0. 05 1. 14 22. 7
0. 04 0. 81 20. 3
0. 033 0. 72 20. 3
0. 01 0. 22 22. 9
Average ka for the ruthenium acetylacetonate catalysed 
detritiation of benzoic acid is 20,7xl0~31/mole sec.
A plot of the two detritiation runs of benzoic acid at 0.1M 
ruthenium acetylacetonate is shown in Figure 2 and a plot of
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the first order rate constant against the ruthenium 
acetylacetonate concentration is shown in Figure 3.
DETRITIATION OF BENZOIC ACID WITH O.IM RUTHENIUM ACETYLACETONATE
- 2 1 0 -
FIGURE 2.
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DETRITIATION OF BENZOIC ACID WITH RUTHENIUM ACETYLACETONATE 
FIRST ORDER RATE CONSTANT AGAINST CATALYST CONCENTRATION.
X10_1
FIGURE 3.
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Petr.it iat. ion of. benzoic. acid Mild r M .hendL.H3m acetylacetonate. 
yar.iatlo.nu of the. goXyeat. composition.
The rate constants for the detritiatlon of benzoic acid with
0. 075M ruthenium acetylacetonate at llO'C, with variation of
the DMF/water ratio, is given in Table 4.
ladle. Xi_ y.ari.at.io.n of. the. salygn i. composition,
PMF/water radio. y/y. Idf&aL Mmole. sec
19:1 16.1
7:1 20.7
6:1 22.9
5,2:1 25.3
4:1 31.8
3:1 53.2
2:1 63.8
A plot of the detritiation of benzoic acid in the 19: 1, 
5.2:1 and the 3:1 DMF/water solvent is shown in Figure 4.
DETRITIATION OF BENZOIC ACID WITH RUTHENIUM ACETYLACETONATE: 
VARIATION OF THE SOLVENT COMPOSITION.
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FIGURE 4.
X1 0“ 1
TIME(HRS)
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Qetr.itJLaM.Qn oX suhsMXiiXafl faaazoXg. aci-ds with ruthenium 
age.tyiag.e.t.pnat.e.;. dfiteraajpatiian oX the. HammeM. reaction 
onnsXant..-
The rate constants for the detritiation of p-substituted 
benzoic acids, with 0. 075M ruthenium acetylacetonate at 
110 °C, in 7:1 DMF/water, together with the Hammett 
substituent constants<o"> are given in Table 5.
labia. 5jl QaXerminaMjon. aX the. Haanati reaction constant <p),
AgJLd. QL 1Qfhaa. iXmie. sag.
p-BOsa 0. 78 53,2±0.86
p-CN 0. 63 42.9±1.33
p—CFs 0 01 01 42.2±1.43
p-Cl 0. 23 28.3±Q.87
p-F 0. 06 25.3±0.55
p-H 0 20.7±1,58
p— CHxa -0. 17 18.7±0.43
p—OCHs -0. 27 16.0±0.06
p = +1.09±0.06
A plot showing the detritiation of three of the substituted 
acids is given in Figure 5a, and a plot of the Logs of the 
second order rate constants against the Hammett substituent 
constants, from which p is obtained, is given in Figure 5b.
FIGURE 5a.
DETRITIATION OF SUBSTITUTED BENZOIC ACIDS WITH RUTHENIUM 
ACETYLACETONATE.
X 1 0 " 1
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TIME(HRS)
DETRITIATION OF SUBSTITUTED BENZOIC ACIDS WITH RUTHENIUM 
ACETYLACETONATE: DETERMINATION OF THE HAMMETT REACTION CONSTANT.
-216-FIGURE 5b.
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Petr itialjjan. of. other subst.rat.es. with ruthenium 
acetylacetonate
The results for the detritiation of a number of specifically 
tritiated substrates with 0.075M ruthenium acetylacetonate 
at 110 °G, in 7:1 DMF/water, are shown in Table 6.
labia. 6j_ Dat.rlt.iatian of. other substrates
Substrate .IQEka. 1/mole sec..
Chromone-2-carboxylic acid 64. 6
a-Naphthoic acid 38. 7
2, 5-Diphenyloxazole 9.3
1-Phenylpyrazole 31. 2
2-Phenylpyridine 30. 3
Benzamide
The plots for chromone-2-carboxylic acid, 1-phenylpyrazole 
and 2,5—diphenyloxazole can be seen in Figure 6.
(°°wda-+wda)uL
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DETRITIATION WITH RUTHENIUM ACETYLACETONATE: 
INVESTIGATION OF OTHER SPECIFICALLY LABELED SUBSTRATES.
X 1 0 " 1
FIGURE 6.
1 ! I ! I ! I I ! !------ ;
0 1 2 3 4 5 6 7 8 9  10
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Petritiaiion of. feng-Oic. acid with ruthenium acetylacetonate: 
determi nation of the, effect of. pHL_
The rate constants for the detritiation of benzoic acid with 
0.075M ruthenium acetylacetonate, using a DMF to buffer 
ratio of 7:1 are given, together with details of the buffers 
used and data on the change in pH during the reaction, are 
given in Table 7.
Xahla. Zj_ Hgts.oni.nat ion ot the affect of. pH.
Buffer pH begin. pH end Mmole.
0.01M HCl 3. 08 6, 95 14. 1
KC1/HC1 3.3 8. 95 12. 7
0.001M HCl 4. 4 8. 00 23. 3
Citrate 5. 75 9. 20 23, 3
Phosphate 9. 75 10. 14 22. 5
Figure 7, shows a plot of rate of detritiation against pH.
DETRITIATION OF BENZOIC ACID WITH RUTHENIUM ACETYLACETONATE: 
PH RATE PROFILE.
FIGURE 7
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Petritiation of. banzofc add. slfh rjj±ha.nf.um acetylacetonate: 
i nvestigation of a primary, salt, effect«_
The second order rate constants for the detritiation of 
benzoic acid with 0. 075M ruthenium acetylacetonate, using a 
solvent composition of 7 parts of DMF to 1 part of 0. 1M, 
0.05M and 0.025M potassium chloride solution at 110°C, are 
shown in Table 8.
Xahle S ll. lny.es.tigatiQ.n. o f th e primary s a lt  e f f e c t -  
UKGU . K 1.QgkaL I Z m d e  sfib,
0.1 24.2
0.05 26.6
0.025 21.3
Inyestlgati.Qn of ruthenium  hexaf 1 uoroacety 1 acetonate as. a 
potentlal. catalyst, for the .ortha detritiation of. benzoic 
a£.if
Yield 24.4%
Calculated % C 24.84% H 0.834%.
Found % C 24.73% H 0.69%
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In the tritiation experiment, 20mCi of benzoic acid, with a 
specific activity of lOlmCi/mmole was recovered. Tritium nmr 
showed that all the label was present in the ortho position. 
The nmr spectra can be seen in Figure 8.
In the detritiation experiment, no detritiation of benzoic 
acid was recorded under the standard conditions used for 
ruthenium acetylacetonate.
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1 3
FIGURE 8a) 300MHz H nmr of H-benzoic acid in d6-dmso.
J U  V. JLL .
10 £ T i I 5 5 r
PPM
3 3FIGURE 8b) 320MHz H nmr o f  H-benzoic a c id  in d6-dmso, with proton decoupling .
10 ?T 5
PPM
1----------- 1
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PetrltlaM p n  oX bsnzoic. agJA with. mthSLnitua agaXyLaaaXianaAai. 
eXXecX oX adding. sodium boxahydrlda^.
The results for the detritiation of benzoic acid with 0. 075M 
ruthenium acetylacetonate, in DMF/water 7:1 at 110"C, with 
the addition of lmg and 0.lmg of sodium borohydride are 
shown in Table 9,
labia. EXfa.c.t. qX  sodium  borohydride on the, rate, of
da-trlX-i.aXion ,
fflg. M IDJtkza. 1/mole
1 0.016 115
0.1 0.0016 37
0.1 0.0016 28
Ereparat.ion and use. oX IR^iMhenXuLm acetylacetonate.
Yield = 0.518mCi 51.8% from lmCi 1 oeRu starting
material,
A number .of the hplc traces are shown in Figure 9, 
containing both the uv trace(254nm) and the radiotrace.
Figure 9) HPLC OF ^°Su(acac)g and benzoic acid in DMF/H^O at 110°C
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Discussion
To date, only one other homogeneous metal catalysed hydrogen 
isotope exchange system has been extensively studied, the 
tetrachloroplatinate reagent developed by Garnett.® As will 
be seen from the discussion, there appear to be a number of 
similarities between the tetrachloroplatinate catalyst and 
ruthenium acetylacetonate, and it would therefore appear 
useful to briefly discuss the kinetics of the 
tetrachloroplatinate catalysed reaction, before discussing 
the results with ruthenium acetylacetonate,
Garnett first developed sodium tetrachloroplatinate as a 
homogeneous catalyst for the deuteration of benzene, in 
1967, using a deuterium oxide, deuteroacetic acid solvent, 
with added DC1 to stabilise the catalyst,®
The first detailed kinetic studies were performed on benzene 
by studying the deuteration, with the effect of catalyst 
concentration, chloride ion concentration and acid 
concentration, the main areas of interest.10 The results 
showed that the reaction was first order in catalyst 
concentration, inverse first order in chloride ion 
concentration, and independent of the acid concentration, 
although the acid was found to have a bearing on the 
stability of the catalyst by preventing its
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disproportionation to platinum metal, and a platinumCIV) 
species. Neither the metal or the Pt<IV> species would 
catalyse deuteration under the conditions used.
The inverse relationship of the chloride ion concentration 
has been explained by looking at the effect of solvating the 
catalyst. It has been demonstrated that replacement of one 
of the chlorine ligands by a solvent molecule, resulted in a 
faster rate of reaction. Replacement of a second chlorine by 
a solvent molecule, yielded an even more active catalytic 
species. Hence if the chloride ion concentration is 
increased, it can be seen from the equilibria in Figure 10, 
that this will lead to the formation of a less solvated 
species, and thus a less active catalytic species,11 
Figure. SfiLLmlysig. of. betrachloropla.t_inate < 11) .
P tC I3S ‘  + C l"  
P tC I2S 2 + C l"
Other experiments have shown that the reaction is virtually 
independent of the electronic character of the substituent 
in monosubstituted benzenes. This effectively rules out the 
involvement of a x-associative intermediate, as this would 
be formed by H"* attack on the platinum benzene complex, and 
thus would be expected to show a considerable dependency on 
the substituent. A x-associative intermediate could also not
P t C i
2 -
P tC L S
"s'
\
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explain the ortho deactivation observed in monosubstituted 
benzenes.
Hence with these observations in mind the following 
mechanism has been formulated (Figure ll).12
Figure. U.-L. Samfi&t.'. s. me_o.ha.hism Xsr. the, tetrachloroplatinate 
oatalyseb, deuteratio n. oX benzene.
Ptcr
2- Step A
PtCI3S Cl
PtCI3S • (g ) s5&B
\ ^ R D S
Cl
Cl— Pt
I
Cl
Cl
Step C
Cl
%
“ Cl 2- r  c i n
1 H
Cl— Pt—< ( ) )
h^ i
_  Cl _  Cl V '< L
Cl 2-
Cl
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As can be seen from Figure 11, the active catalytic species 
is formed, in a rapid pre-equilibrium (step A), before 
complexatlon with benzene occurs in the rate determining 
step B. The rate of step C relative to step B, determines 
the degree of multiple labeling.
This mechanism developed for the deuteration of benzene has 
been used to explain exchange in monosubstituted benzenes, 
polycyclic aromatic hydrocarbons, short and long chain 
alkylbenzenes, and the alkanes.13— 17
Thus returning to the present study, it is passible to draw 
some similarities between the tetrachloroplatinate system, 
and the ruthenium acetylacetonate system, but there are also 
some important differences between the two.
Firstly looking at the effect of catalyst concentration on 
the rate of detritiation, a first order relationship is 
observed between catalyst concentration and the rate, with 
this relationship holding good, over a range of 0. 1M to 
0.01M catalyst (Table 3). The results in Tables 1 and 2 show 
that the reaction is independent of the amount of benzoic 
acid, as the rate of detritiation using 10pl of the benzoic 
acid solution is similar to the rate obtained using 5jul of 
the solution. Thus this illustrates that the reaction is 
following pseudo-first order kinetics. The two runs in
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Figure 2, were the first detritiation. runs performed with 
ruthenium acetylacetonate and it can be clearly seen that 
the intervals between sampling were too long, as only 6 
readings were taken before 90% reaction. In all other cases, 
the sampling Interval was modified to ensure at least 8 to 
10 readings were taken.
Higher catalyst concentrations were not investigated due to 
the poor solubility of ruthenium acetylacetonate in the 
DMF/water solvent, and lower concentrations were not looked 
at due to the very slow rates of reaction which would be 
observed. Hence it can be concluded that there is a first 
order relationship between the catalyst concentration and 
the rate of detritiation, and that this holds over an order 
of magnitude of catalyst concentration.
Turning to the dependence of rates of detritiation on 
solvent composition (Table 4) , it was possible to vary the 
DMF/water ratio over relatively narrow limits (19:1-2:1) 
because of the limited solubility of the catalyst at low DMF 
compositions, and evaporation of solvent at high DMF 
compositions. Nevertheless a four fold increase in k2 was 
observed in going from a DMF:water mixture of 19:l(v/v) to 
2:1. If this were a pure solvent, it would represent quite a 
considerable change. It may however be more subtle than 
this. By analogy with the tetrachloroplatinate system, it is 
possible to speculate along the following lines.
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If there is a fast pre-equilibrium involving the ligand and 
the solvent:-
Ru(acac]3 ♦ s s ‘ Ru(acac)2SS + acac
then as the DMF/water ratio is decreased the degree of 
solvation of the catalyst changes. It would be surprising if 
these different forms were equally active.
The next stage in the study was to perform the detritiation 
of a number of p-substituted acids, in order to find the 
dependence of the reaction on electronic substituent 
effects.7 * 3
The effect of pajra-substituents on the rates of detritiation 
(Table 5) has to be treated with some caution as the 
experimental conditions (T=110°C, 7:1 DMF: HssO mixture) are
far removed from those used for the defining process, namely 
the ionisation of benzoic acids in water at 25°C. The 
present reaction however represents one of the few cases 
studied where the reactivity of a benzoic acid is being 
measured. The results show that the k:=> values vary three 
fold in going from the most reactive acid (p-nitro) to the 
least (p-methoxy), the resulting Hammett plot (Fig 5b) 
giving a reaction constant p of +1.09(±0,055). This value 
which is well removed from those observed, e.g. in 
electrophi1ic substitution reactions such as nitration or
brominations <-6 to -12) or nucleophilic substitution 
reactions such as hydrolysis (+2 to +4) shows that the
reaction is relatively insensitive to substituent effects, a 
feature shared with Garnett's tetrachloroplatinate reaction, 
although the results in the latter case are not as 
extensive.®
As a follow up to this, the detritiation of a number of
specifically labeled substrates (from rhodium trichloride) 
was performed under the standard conditions (Table 6) . As 
observed for the benzoic acids, the range of reactivity 
observed was remarkably small, considering the wide range of 
structures studied. There was only one case, benzamide, 
where detritiation did not occur thus fitting the 
observation made in Chapter 2, that ruthenium 
acetylacetonate was inactive as a catalyst for the 
tritiation of amides and aralkylamlnes. Unfortunately it has 
not been possible to explain why this should be the case.
Moving on now to studies on the effect of pH on the rate of 
detritiation, it was found that under acidic conditions, the 
rate of detritiation was reduced in relation to that 
normally observed using the standard DMF/water system (Table
7). As the pH of the reaction was increased up to and above 
the pK«, of benzoic acid, the rate increased up to, but not 
above, the rate observed under the standard conditions. The
pH of the DMF/buffer catalyst solution was checked at the
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start of the reaction and at the end, and without exception 
in each reaction, it was found to rise by several pH units, 
This however, was soon explained by monitoring the pH of 
DMF/buffer solutions at 90 °C, and in each case, a similar 
rise in pH was noted. This rise thus appears to be due to a 
reaction between the DMF and the buffer, as a steady rise in 
pH is noted, with or without the catalyst.
The results suggest that it is the anionic form of the acid 
which takes part in the reaction, rather than the neutral 
form. This finds further support in the observation that 
methyl benzoate cannot be tritiated using the standard 
conditions <p 157). This conclusion led us to investigate 
whether the reaction exhibited a primary salt effect. If the 
rate-determlng step of the reaction involved a reaction 
between the benzoate ion and a positively charged form of 
the catalyst, increasing the ionic strength would decrease 
the rate. 13 Experimentally (Table 8) it was shown that the 
addition of KC1 (up to 0.130 had little or no effect on the 
rate, so that the reaction can not therefore be truly ionic. 
In all likelihood it involves an anionic substrate reacting 
with a neutral catalyst.
Having looked at an extensive range of substrates, it was a 
natural progression to look at how changing the ligands on 
the ruthenium catalyst would effect the reaction. It was 
decided to replace the acetylacetone ligands with
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hexafluoroacetylacetane, which was done by a simple 
modification of the Barbieri synthesis of ruthenium 
acetylacetonate from ruthenium trichloride.3 It is worth 
commenting here that the details given in the paper are at 
best vague, and that the reaction does not appear to give 
very high yields. It was found best to perform one reaction 
on the ruthenium trichloride, remove the j3-diketonate, and 
then react the remaining ruthenium compound with more j3- 
dlketone, but even when this was done the yield of ruthenium 
acetylacetonate produced was only 50%, and in the case of 
the hexafluoroacetylacetonate, the yield was down to 24%.
Despite these problems, the micro-analysis indicated that 
the hexafluoroacetylacetonate was pure, so its catalytic 
activity was tested by performing a tritiation of benzoic 
acid, with very encouraging results. The specific activity 
of the acid was found to be lOQmCi/mmole and the 
regiospecificiity for artho labeling was 100% <Fig 8). Hence 
ruthenium hexafluoroacetylacetonate can be added to the list 
of metal complexes which will catalyse the ortho tritiation 
of benzoic acid (Chapter 2 page 175).
The detritiation study, however, was a great disappointment, 
as very little reaction with benzoic acid was seen, even 
after a reaction time of a week, which is some three to four 
times longer than a typical run with ruthenium 
acetylacetonate would be followed. A second run gave an
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identical result, This matter could well be the subject of a 
future investigation.
The two final studies, the effect of a reducing agent and 
the use of 1oeRuthenium acetylacetonate as catalyst, were an 
attempt to gain more information on the nature of the 
catalytic species. With the barahydride experiment, when ling 
was added to the reaction (equivalent to a concentration of
0.0110 a five fold increase in the rate was seen (Table 9).
When this borohydride concentration was reduced to 0.001M,
one of the runs Indicated that the rate had increased almost 
by a factor of two. However when the run was repeated under 
the same conditions, the increase was much smaller, and it 
is debatable whether the rate constant obtained represents 
an increase in the rate of detritiation at all.
The reason for the discrepancy in the results is probably 
two fold, the first of which involves the poor solubility of 
borohydride in DMF/water, even at very low concentrations. 
The second reason involved the effect of the borohydride on 
the catalyst itself. On addition to the reaction mixture, it 
was noticed that the normal deep red colour of the catalyst 
solution very quickly changed to a red/brown colour, and 
within a few minutes black deposits of metal were noticed on
the side of the tube.
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Hence as the reaction mixture has . clearly become 
heterogeneous, it is difficult to know how much value to 
place on the borohydride experiments particularly in the 
quantitative aspect, but as it has already been shown that 
the free metal is not active in this reaction, the inference 
is that a highly active ruthenium species has been formed in 
solution.
Hence it is possible to envisage that the effect of adding 
the borohydride would be to reduce rutheniumd II) to a lower 
oxidation state, which would then undergo an oxidative 
addition with the benzoate anion to form a cyclometalated 
intermediate, with the removal of tritium as tritide. A 
reductive elimination step would regenerate the detrltiated 
benzoate anion and a reduced ruthenium species. However the 
problem with this scheme is that if this were the mechanism, 
in the absence of borohydride, there appears to be nothing 
in the reaction mixture that could carry out the reduction 
of rutheniura<III) in the first place. Therefore it is likely 
that the addition of borohydride causes the reaction to 
proceed along a different pathway.
The final experiment involved the use of 1°®ruthenium 
acetylacetonate, so the fate of the ruthenium could be 
closely monitored in the reaction by radio-hplc.
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1 °®Ru is a soft J3 emitter with, an average energy of 0.3MeV, 
about twice that of tritium and has a half life of 360 days 
which is conveniently long. However the product produced by 
the |3 decay of 1 oeRu is 1 °®Rh, which unfortunately has a 
half life of only 30 seconds, and it emits both j3 and y 
radiation with the y radiation having an average energy of 
4 Me V. 13 Hence it was necessary when handling this material, 
to observe the usual safety precautions required for y 
emitters, such as shielding this material with a thick 
perspex screen, and wearing a dosimeter badge.
As was mentioned in the discussion with the 
hexafluaroacetylacetonate, the Barbieri reaction from which 
the 1osRu acetylacetonate was prepared was not particularly 
efficient and only 518)mCi of activity were recovered from 
lmCi of starting material.3 Despite this, the purity was 
found be acceptably good when checked by hplc, both in the 
uv and radio traces.
When the experiment was performed with unlabeled benzoic 
acid, for the first hour, only the peak due to the catalyst 
was seen in the radio trace. However after 3 hours, it was 
noticed in the uv trace the benzoic acid peak was developing 
a tail, which on close examination corresponded to a small 
peak<l%> in the radio trace. After hours this peak had
become a little more prominent, and there was also evidence 
of other small peaks appearing in the radio trace, which
corresponded to the appearance of small peaks in the uv. 
After 24 hours, the pattern had changed quite dramatically, 
as although the acetylacetonate peak was still the largest, 
at least six other peaks had appeared, the largest of which 
was about 25% as large as the acetylacetonate. This picture 
was repeated in the uv. Further readings up to 52 hours, 
well past the normal reaction time needed for a 90% 
detritiation run with 0. 1M catalyst, gave essentially the 
same picture, with if anything, the other peaks increasing 
in size relative to the acetylacetonate (Fig 9).
In attempting to sort out the information given by the 
experiment, it is necessary to distinguish between the 
ruthenium species produced by reactions which do not affect 
its reaction with benzoic acid, hence the readings taken 
much after 30 hours do not have any great bearing on its 
reaction with benzoic acid as the detritiation carried out 
with the same catalyst concentration is about 90% complete 
after 30 hours. However it should be noted that the 
stability of ruthenium acetylacetonate has been measured at 
50 “C for several weeks, and no change in its uv visible 
spectrum is noted. Hence any change in the ruthenium species 
after 30 hours, may not have any relation to what happens 
during a normal detritiation, but it is still brought about 
by the benzoic acid, as in its absence, no change in the 
catalyst occurs.
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It is therefore more useful to look at the chromatograms 
obtained in the early stages of the reaction, and the 
appearance of the small peak as a tail on the benzoic acid 
peak, might provide evidence for a cyclometalated 
intermediate between the acid and the catalyst. 
Alternatively it may be that this peak is the active form of 
the ruthenium before reaction with the benzoate.
This experiment has provided a good insight into what is 
happening to the ruthenium species in the reaction. Clearly 
a logical extension of this work would be to Isolate and 
Identify all the ruthenium species present, which would give 
further information on the oxidation state of the ruthenium. 
A further experiment using 14C ruthenium acetylacetonate 
would also give valuable information on the fate of the 
acetylacetone ligands.
Thus having discussed each of the experiments in turn, a 
mechanism is now proposed which appears to fit all the 
experimental evidence (Figure 12).
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Elg.ur.a. 12j_ Eropoaab. BasMnlsm fjac. the. ruthenium 
aagtyIaga.t.Qnata c.atalysad. rfg.tritlation qjL benzoic acids.
FastRufacac) * SS Ru(acac)2SS * acac
Pre-equi l i br ium
X.
< V ° '
. a
X
Ru(acac)2SS
Ru(acac)2SS
\
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Hence commenting on the proposed mechanism, it is thought
likely from the solvent effect work, that the first stage in
the reaction is the replacement of an acetylacetone ligand
by solvent in a fast pre-equilibrium step to form the active
catalytic species. The active species then forms a complex
with the carboxyl group of the benzoate anion, which then
reacts with the ortho position to form a cyclometalation
complex, removing the tritium in the process. The remainder
of the mechanism is a little unclear, but it is likely that
the cyclometalated species is hydrolysed by water to give
the detritiated benzoate anion and a solvated ruthenium>
species.
The rate determining step is the reaction of the benzoate 
anion with the active ruthenium species. This conclusion is 
reached by firstly considering that the kinetic data (first 
order in both catalyst and substrate concentration) 
indicates that the rate determining step must involve both 
the benzoic acid and the ruthenium acetylacetonate, and 
secondly from the Hammett data. The p value of +1.09 
suggests that the carboxyl group is involved in the rate 
determining step, rather than the ortho C-H bond, as the 
latter would give rise to large and negative reaction 
constants(-6 to -12) as is observed in electrophilic 
aromatic substitution reactions.
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Unfortunate ly there is very little Hammett data on reactions 
of benzoic acids, outside esterification reactions. A few 
typical reactions are shown in Table 10,20
Ta b l e  IPLSaane. rg.aQ±X.Qjx c o n s ta n ts ?  tan b e n z o le . a c i d  x e a c t to .n s ^
Substrate. Reagents Teiaperat.u re P-
ArCOOH HCl, MeOH 25 °C -0. 23
ArCOOH p-TsOH, MeOH 60 ° C -0. 57
ArCOOH HCl, Cyclohexanol 65 °C + 0. 42
ArCOOH DPDM, EtOH 30 ° C +0. 91
The four reactions are esterification reactions using 
different conditions and reagents, and illustrate how p can 
vary both in magnitude and sign, but it also shows that 
overall the reaction shows no great dependence on the 
substituent. In the present study it can be considered that 
the reaction of benzoate with a proton is not unlike the 
reaction with a metal centre. It is not surprising therefore 
that the p value of +1.09 is so close to the value of unity 
obtained for benzoic acid ionisations.
Some further comments can be made about the proposed 
mechanism. Firstly it would rest on stronger grounds if one 
or more of the radio-hplc intermediates could be isolated 
and characterised. Secondly it is surprising that the rate 
constants only cover a narrow range and that when 
structurally dissimilar, compounds are investigated, their
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rates are very comparable to the benzoic acids. 
Investigation of the association constants of benzoic acids 
with transition group metals could be very rewarding. 
Thirdly the proposed mechanism can be readily applied to 
those compounds, other than the benzoic acids, which, undergo 
detritiation <or tritiation). The whole study in fact 
illustrates one important point, namely that the application 
of organo-metallic chemistry to the labeling of organic 
compounds has much to offer and that these studies are at an 
early stage.
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Introduc.tlQUi
So far, the study has concentrated on the rhodium 
trichloride catalysed exchange of aromatic acids, amides, 
aralkylamines, and a number of heterocyllc systems. All the 
substrates employed for study have been relatively simple in 
structure, containing one or at most, two aromatic rings, 
with an appropriate directing group. It therefore follows, 
that having studied the reaction on simple substrates, it 
would be a logical extension to look at the potential of the 
method in the labeling of biologically important compounds, 
with much more complicated structures. Thus the class of 
compounds chosen were pharmaceutical agents and their 
metabolites,1 as such compounds often contain suitable 
functional groups, which have been shown to act as directing 
groups in simple aromatic systems. Furthermore, the 
regulations governing the development of new drugs, require 
a number of studies to be performed, before the drug can be 
marketed, some of which require the use of labeled 
compounds.
Although carbon-14 is usually the Isotope of choice for 
metabolism and pharmacokinetic studies, it is unsuitable as 
a radioisotope in radioimmunoassays, where compounds of very 
high specific activity are required (curies per millimole) . 
Hence tritium labeled drugs with high specific activities
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are required. There is therefore considerable interest in 
developing synthetic methods which will achieve this 
obj ective.
The two most common methods of labeling drugs at high 
specific activity, involve catalytic reduction of a double 
bond with tritium gas and catalytic dehalogenation with 
tritium gas. Both methods usually give rise to products at 
high specific activity (often tens of Curies per millimole), 
and in good chemical and radiochemical purity. However, 
apart from the obvious disadvantage of having to prepare the 
unsaturated or halogenated precursor, the reaction does not 
always proceed as specifically as expected, as other 
positions can undergo exchange . in competition with the 
reduction process. Furthermore, the reduction of a double 
bond in a drug, which also contains a halogen, usually leads 
to a degree of dehalogenation as well,2
Also used to label drugs, are various hydrogen isotope 
exchange methods, either with gas or tritiated water. Thus 
drugs containing benzylic hydrogens can be labeled by 
exchange with tritium gas over a suitable supported 
palladium catalyst. Like the reduction methods described 
above, the method gives high specific activity products, 
with good regiospecificty for the benzylic positions in most 
cases. However reduction and dehalogenation side reactions
can occur in competition, and thus limit the scope of the 
reaction. (See Chapter 1).
Tritiated water is also used, which although it does not 
give as high specific activity, products as tritium gas, it 
still produces activities in the Curies per millimole range, 
which are enough for radioimmunoassays. The most common 
method used involves exchange catalysed by heterogeneous 
platinum, which will label a very wide range of structures, 
but it does lead to generally labeled products. Acid 
catalysed exchange is also used but as for heterogeneous 
metal catalysis, it is difficult to get specifically labeled 
drugs. Hence the rhodium trichloride method offers great 
potential in the labeling of drugs containing an ortho 
directing group, to a high regiospecificity, without the 
need for the synthesis of precursors, Thus in the present 
study, a number of drugs with a wide range of structures, 
but all containing one or more ortho directing groups, were 
studied using both deuterium and tritium. Both were used, as 
the earlier work on the simple aromatic compounds, had 
produced a number of important differences between the two, 
particularly the Inactivity of the anllides with tritium, 
and the dechlorination and demethylation observed in o- 
chloro and o-anislc acids, also with tritium. (See Chapter
2 ) .
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Mat.er.ia.l-S
The drugs used in the study were obtained from Fisons 
Pharmaceuticals, except for Zolpidem and Alpidem, which were 
gifts from Dr J. Allen of the L.E.R.S, France, Flecainide, 
was a gift from'Riker Industries PLC, England and Alnovin, a 
gift from Hoechst Pharmaceuticals Inc., New Jersey, USA. All 
the drugs used were analysed by proton nmr during the course 
of the study, and were found to have a purity of 98% or 
greater.
Deuterai.ion and Tritiation of the Drugs
The conditions used for the deuteration and tritiation of 
drugs are shown in Table 1.
Xa&La. Ix De.ut-ejr..a.tig.n and. tr..Lt.i.a.t.i.o.n, conditions.
CQnd.l_t-i.p.ng Deuterium Study_~- Tritium Study*5*
RhCla,3HS0 
catalyst
0.125mmoles 6mg-30mg
Drug/
metabolite
0, 25mmole 5-3Omg
D. M. F. 
co-solvent
0.75cc 30-500pl
Isotopic
water
0.75cc 3 /j.1
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Duration 18-24 hours 18-24 hours
“Deuterated water at 99.8 atom % abundance was used. 
•^Tritiated water at 50Ci/cc was used.
After reaction, the drugs were isolated by one of the 
following solvent extraction procedures, depending on its 
acidic, basic or neutral character,
I.s.olM -ion of acJUiic, drugs A
The contents of the tube were poured into hydrochloric acid 
<4M, 2cc> and extracted into ethyl acetate <3x5cc> , The 
acidic drug was then extracted into sodium bicarbonate 
<50g/l, 3x2cc>, before this fraction was re-acidified with 
4M HCl, and re-extracted into ethyl acetate <3xl0cc). The 
ethyl acetate extract was washed with water <2x2cc), dried 
over anhydrous sodium sulphate, filtered, and finally 
removed by rotary evaporation to leave the crude drug.
Ia p.lM.3lim ol basic drugs. B.
The contents of the tube were poured into potassium 
hydroxide <1M, 2cc) , and extracted into ethyl acetate 
<2xl0cc>. The basic drug was then back extracted into HCl 
<4M, 3x2cc>, cooled in ice, and precipitated by the careful
Temperature 108°C 108°C
addition of potassium hydroxide pellets until the pH was 
raised to 11. The drug was then extracted into ethyl acetate 
<3xl0cc>. The ethyl acetate fraction was washed with water 
<2x2cc>, dried over anhydrous sodium sulphate, filtered, and 
the solvent removed by rotary evaporation to give the crude 
drug. If the hydrochloride salt of the drug was required, 
this was simply prepared by dissolving the free base form in 
methanolic HC1, followed by rotary evaporation to give the 
crude hydrochloride,
Igplatign of. nsjuLfecal. d m gs. EL
The contents of the tube were poured into ethyl acetate 
<20cc> and washed successively with sodium bicarbonate 
<50g/l, 2cc), hydrochloric acid <3M, 2cc> and water <2cc) . 
In each case, the 2cc fraction was re-extracted with lOcc of 
ethyl acetate, and the extract re-added to the ethyl acetate 
fraction containing the drug. This fraction was then dried 
over anhydrous sodium sulphate, filtered, and evaporated to 
dryness by rotary evaporation to leave the crude drug.
F-uriffcat.icm and. Aaalygjg
The deuterated drugs, where necessary were further purified 
by re-crystallisation, and were analysed by mass 
spectrometry, using a Kratos MS30 or MS50 spectrometer 
linked to a Ds-55 SM data system. The percentage enrichments 
were corrected for natural isotopic abundances of carbon, 
hydrogen, oxygen and nitrogen using a natural abundance
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isotope correction program, which was available at Fisons 
Pharmaceticals, Loughborough. 360MHz proton spectra of the 
deuterated materials were also obtained, with the positions 
of deuteration found by observing the reduction or complete 
elimination of the corresponding proton signals. Where the 
extent of deuteration was fairly small, the position of 
labeling could often be determined by looking at the proton 
couplings, which became, much more complex, as deuterium was 
incorporated into that position.
The tritiated drugs were further purified by thin layer 
chromatography, by streaking a methanolic solution of the 
drug onto 2 Merck 20x20cm silica gel, F254 tic plates, which 
had been pre-washed in methanol. After running, the plates 
were dried, and the drug identified by viewing at 254nm, and 
comparing the Rf value, with the two side spots of the 
unlabeled drug. The zone was scraped from the plate and the 
drug extracted into methanol. The methanol was filtered to 
remove any silica, and removed by rotary evaporation, to 
leave the purified drug. A number of drugs were purified by 
high performance liquid chromatography, using a partisil ODS 
preparative column, with detection by a variable wavelength 
uv detector connected to a chart recorder. Where necessary, 
the drug was removed from any buffer used in the hplc 
solvent by solvent extraction to leave the purified drug.
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Analysis of the tritiated drugs was performed by 3H and 1H 
nmr spectroscopy on a Bruker WH 90, and latterly on a Bruker 
AC 300.
RgsuLt-S
The deuterium results are shown in Table 2. See Table 4 on 
Page 261 for the structures.
Xab_Le_ 2j_ Deuteration of Pxugs.
Spec.>_. Sing. %J2 S.alyg.nA. Ss.cx y..st.aJL.lf..sat. Lon
ikl_ Extraction Solvent.
1 Benzoic acid
2 Probenecid
3 Hippuric acid
95
61
98 A
HaO
HaO
HaO
4 Nedocromil sodium" 92
5 Sodium crornoglycatem 77
6 Etenzamide 98 N HaO
7 Phenacetin
8 Niclosamide
94
60
N
N
EtOH/HaO
EtOH/HaO
9 Sulfanitran 90to N EtOH/HaO
10 Antipyrine 95
11 Paracetamol 94
12 Phenylbutazone 40
13 Metoclopramide 70to«
14 Aminopyrine SO1^
15 Cinchocaine 33*=
16 Acecainlde 83*=
17 Labetalol 15
18 FPL 62064 65to
19 Mefenamic acid SO*31
20 Phthalylsulfa- dec. 
thiazole
21 Phthalylsulf- dec. 
acetamide
Hexane 
HaO 
Hexane 
EtOH/HaO 
EtOAc 
EtOH 
EtOAc 
EtOH 
EtOH/HaO 
MeQH
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F
F
F
B
B
B
B
B
F
F
A
A
M a s , to  Table 2
a Sodium salt made by addition of 1% sodium bicarbonate 
solution until pH was 6.5, followed by five volumes of 
acetone to precipitate the salt out.
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2 Probenecid
3 Hippuric acid
4 Nedocrorai 1 Nam
5 Na Chromoglycate*1
6 Etenzamide
7 Phenacetin
8 Niclosamide
9 Sulfanitran
10 Antipyrine
39 A
32 A
80 A
88 A
14 N
130 N
N
217 N
99 N
which are followed
Re.gl-Q.speQ- 
l.f.lxUiy..
100 
59 
100 
100 
100
6 100
6 65
5 32
b Mass spectrum indicates that the regioselectivity 
somewhat lowered in this case
c Labeled as the hydrochloride salt.
The tritium results are shown in Table 3, 
by the structures, in Table 4,
Xable. 3x Trit.la.tion a£_ Drugs
Sp-as.L- Drug. S-ps.cs. Act, Sol vent TL.C.
a x  jaGIZffimoia. Extract.ion System
1
1
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11 Paracetamol 42 F 6 1 0 0
12 Phenylbutazone F
13 Metoclopramide1 53 B 87
14 Amlnopyrine 103 B 65
15 Cinchocaine13 80 B 100
16 Acecainide13 142 F 100
17 Labetalol13 B
18 FPL 62064 103 F 37
19 Mefenamic acid 123 51
21 Phthalylsulf- 
acetamide
A
22 Flufenamic acid 114 51
23 Procainamide13 64 100
24 Alpidem
25 Zolpidem
654
606
F
F
11
10
57
56
26 Flecainidec 34 B 8 100
27 Sulpiride 72 50
28 Pentamidine*3 90 9 1 0 0
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29 Alnovin - A
l o f e s .  to . T a b le . 3.
a Isolated as the sodium salt as previously described, 
b Labeled as the hydrochloride salt,
c Labeled as the acetate salt.
1 Purified by hplc, using 0.5% ammonium acetate<A>, and 
methanol(B). Gradients used:-
i) 0-100% B in 30 rains.
ii) 70% A, 30% B to 20% A, 80% B in 20 rains.
2 Cyclohexane 20, ethyl acetate 30, acetic acid 2.
3 Cyclohexane 60, chloroform 30, methanol 5, acetic acid 5.
4 Methanol and 1.7% diethylamine
5 Acetone
6  Ethyl acetate
7 Acetone 66, n-butanol 30, water 3, 0.88 ammonia 1.
8 Acetone and 1% trietliylamine
9 Purified by hplc, using water with. 0,5% trifluoroacetic 
acid<A) and methanol with 0.5% trifluoroacetic acid<B>. 
Gradient:- 30%B to 100%B in 25 rains,
10) Chloroform 35, acetone 15, triethylamine 2.
11) Chloroform 100 and 1.7% triethylamine.
Xablo. 4 Stmot.yxe.s. oX t_he. Drugs.
Same. SXr.uct.ure,.,
2) Probenecid
3) Hippuric acid
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4) Nedocromil sodium
5) Sodium cromoglycate
Q O C H 2C H C H 2p  o  
OH
NaOOC COONa
6) Etenzamide
7) Phenacetin EtO —(  ( ) ) -N H C O C H ,
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10) Antipyrine Me
11) Paracetamol
'- ( Q pH O - U  )> -N H C O C H .
12) Phenylbutazone-
13) Metoclopramide
Cl
H N^ \OVCONHCHjCH2NEt5
IMe
14) Aminopyrine
Me 
U NMe,
15) Cinchocaine
N K ^ - B u
CONHCH2CH2N Et2
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16) Acecainide C H 3C O N H  C O N H C H 2C H 2N Et2
c o n h 2 m\ i Me
17) Labetalol H O “/ Q V - C H C H 2N H CH
OH C H 2C H 2
-OMe
18) FPL 62064
19) Mefenamic acid
20) Phthalylsulfathiazole
CO O H  
NH
Me Me
CO O H
C 0 N H - £ £ J ^ - S 0 2NH - o
21) Phthalylsulfacetamide
r ^ y C O O H
L y > £ . C 0 N H - ^ ^ > - S 0 2NHC0CH;
22) Flufenamic acid
2 3 ) Procainamide
2 4 ) Alpidem
2 5 ) Zolpidem
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2 8 ) Pentamidine
19) Alnovin COOH
On pages 2 6 7 - 3 0 9 , the mass spectrum of each deuterated drug, 
with its 3 6 0 MHz nmr spectrum is given. A tritium and proton 
spectrum of each tritiated drug is also given, together with 
a proton spectrum of the unlabeled material for reference 
purposes.
22a) El Mass Spectrum of H-probenecid.
■mu >1 Iffl JU*-» II M il 55 [!• 
!•»,** !!C=8Bl*U tatIUQUYII .31.1 t
Mwt Probenecid = 256.
) JllLklu > i- 1
1 22b) 360MHz H nmr of H-probenecid.in d6-dmso.
"•Pr\ V_ /p 3 \
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2c) 90MHz H^ nmr of 3H-probenecid in d6-dmso.
2d) 96MHz 3H nmr of 3H-probenecid in d6-dmso, with proton decoupling.
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3a) El Mass Spectrum of 2H-hippuric acid.
NITBM il M'il JHKt-17 ll'l-IIMI El-
I4.N 1IC<IRMIM I IKHTT *1.31.? tort'
Mwt Hippuric acid = 179.
1 23b) 360MHz H nmr of H-hippuric acid in d6-dmso.
a
a
J
^ ^ - C O N H C H j C O O H
J L  .  j L
9. 2  9.i a! a a.’e a!« a.'7~a.’a ;!a ?.*6 f'.z *.'« e.a s s s.* a!; ' V i  s.*a s.'s * $!• s.1: " -?!* ' «.l a ‘ •!& ‘ ‘ «!2 * V.\PPri
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3c) 90MHz *H nmr of 3H-hippuric acid in d6-dmso.
3 33d) 96MHz H nmr of H-hippuric acid in d6-dmso, with proton decoupling.
i I i--------1 ■-------- 1--------r —i i i i 1 -|
11 10 9 8 7 6 5 A 3 2 1 O S
3e) 90MHz nmr of hippuric acid.
+ 2 4a) FAB Mass Spectrum of H-nedocromil sodium.
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915831(1 xt B91 
Bpfl=8 1=2.Iv H*=9 
•M IDCKLEy HI 44 22 
181
15-SEP-07 14:4*0:84:81 
TI0977I7888
178
78-2583BcnL
PT= 8* Sys=fl)8SYSSCjUFBBDAT
m-
ms-
13871888
178
131
154
Mwt Nedocromil sodium = 415.
323
133 237
j..i .31.. i.ll Ip j L
50 189 158 288 258 - 368 358 488
284
4 8 448
458
4b) 1 2360MHz H nmr of H-nedocromil sodium in d6-dmso.
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4e) 300MHz "*H nmr of nedocromil sodium in DjO.
♦ 2 -273-
5a) FAB Mass Spectrum of H-sodium cromoglycate.
863WI7 xl Bgd5! 14-SCP-88 13:4*8=81=28 7S-8S4S fB»
BpM I=l*v Hus*' TIC--4253638M ftent= Sys+fWPOS
LOOCLEV OKI GtYC/THIO PT« «* CaLffleOM
mU! 1312888
IBS* 537
-274-1 35c) 300MHz H nmr of H-sodium cromoglycate in d6-dmso.
16 5 5 T  1 r
PPM
3 35d) 320MHz H nmr of H-sodium cromoglycate in d6-dmso, with proton decoupling.
q  0CH jCHCH20 O
^  OH / V \ a
NaOOC 'COONa
i  r i  r
PPM
-t --------------------------- r
5e) 300MHz H nmr of sodium cromoglycate in 020.
___ A
~5 5 5 2 1 o
PPM
6a) El Mass Spectrum of H-etenzamide. -275-
81177136 xl Bgtft! 27-RUG-87 83=1+8 83 58 7I-258S El*
BpA=8 I=5.7w Itot TIC=2553I3W8 dent' Sys=0BSYS
LOOCLEY H1/38/2 8* W :« l l
S08L
95
38
85
88
75
78
65
68
55
58
45
48
35
38
25
28
IS
18
5
iliL.
m--
m--
37476888121
121
/D
l j J . q l l l l l i . l i l
186
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6b) 360MHz 1H nmr of 2H-etenzamide in d6-dmso.
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6e) 90MHz nmr of etenzamide in d6-dmso.
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7c) 400MHz "'h nmr of 3H-phenacetin in d6-dmso.
7d) 426MHz 3H nmr of 3H-phenacetin in d6-dmso , with proton decoupling.
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8a) El Mass Spectrum of H-niclosamide.
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8b) 360MHz nmr of 2H-niclosamide in d6-dmso.
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8c) 300MHz H^ nmr of niclosamide.
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9a) El Mass Spectrum of H-sulfanitran.
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9b) 360MHz H^ nmr of 2H-sulfanitran in d6-dmso.
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9c) 400MHz ] H nmr of 3H-sulfanitran in d6-dmso.
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3 39d) 426MHz H nmr of H-suifanitran in d6-dmso, with proton decoupling.
9e) 300MHz H^ nmr of sulfanitran in d6-dmso.
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10a) El Mass Spectrum of H-antipyrine.
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10b) 360MHz h  nmr of 2H-antipyrine in d6-dmso.
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i 3 -284-10c) 300MHz H nmr of H-antipyrine in d6-dmso.
1Od) 320MHz H nmr of H-antipyrine in d6-dmso, with proton decoupling.
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3 3lid ) 320MHz H nmr of H-paracetamol in d6-dmso, with proton decoupling.
"5 5 J § s 3 3 I
PPM
lie ) 300MHz H^ nmr of paracetamol in d6-dmso.
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12a) TS+ Mass Spectrum of 2H-phenylbutazone.
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12b) 360MHz nmr of 2H-phenylbutazone in d6-dmso.
-288-
12c) 300MHz "*H nmr of phenylbutazone in d6-dmso.
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13b) 360MHz H^ nmr of 2H-metoc1opramide in d6-dmso.
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14a) El Mass Spectrum of H-aminopyrine.
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1 214b) 360MHz H nmr of H-aminopyrine in d6-dmso.
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1 314c) 300MHz H nmr of H-aminopyrine in dfi-dmso.
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14d) 320MHz 2H nmr of 2H-aminopyrine in d6-dmso, with proton decoupling.
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14e) 300MHz H nmr of aminopyrine in d6-dmso.
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15a) FA8+ Mass Spectrum of H-cinchocaine.
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15b) 360MHz H nmr of H-cinchocaine in d6-dmso.
Njv^ n-Bu
r aCONHCHjCHjNEtj
dGdJuC
r
1
1   1   1 . L-9.2 9.1 9.9 9.9 «.» 9.2 9.B 7.9 7.9 7.« 7.2 7.9 9.9 9.6 S. * 9.2 9.9 5.9 5.9 S.« 5.2 5.9 4.9 4.9 4.1 4.2 4.1
r
r
j L L L . ©
sTi E T i » 7 i  57s T i  TTj iTa T I  J76 j .«  s.i i . i  2.« t.t t.* 2.2 2 . 1  i.a i .t  1.* ‘ 1 .2 ‘ i 1 ' .» ' . 1  ' ' .V ""I'j i T
' -294-
1 315c) 400MHz H nmr of H-cinchocaine in d6-dmso.
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15d) 426MHz H nmr of H-cinchocaine in d6-dmso, with proton decoupling.
15e) 300MHz nmr of cinchocaine hydrochloride in d6-dmso.
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16a) FAB+ Mass Spectrum of H-acecainide.
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1 216b) 360MHz H nmr of H-acecainide in d6-dmso.
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17a) FAB Mass Spectrum of H-labetalol.
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17b) 360MHz H^ nmr of 2H-labetalol in d6-dmso.
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17c) 300MHz nmr of labetalol hydrochloride in d6-dmso.
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18a) El Mass Spectrum of H-FPL 62064.
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1 319c) 300MHz H nmr of H-mefenamic acid in d6-dmso.
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19d) 320MHz 3H nmr of 3H-mefenamic acid in d6-dmso, with proton decoupling.
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22b) 320MHz 3H nmr of 3H-flufenamic acid in d6-dmso, with proton decoupling.
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23a) 300MHz nmr of 3H-procainamide in d6-dmso.
3 323b) 320MHz H nmr of H-procainamide in d6-dmso, with proton decoupling.
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24a) 400MHz. H^ nmr of 3H-alpidem in d6-dmso.
3 324b) 426MHz H nmr of H-alpidem in d6-dmso, with proton decoupling.
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25a) 400MHz nmr of 3H-zolpidem in d6-dmso.
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25b) 426MHz H nmr of H-zolpidem in d6-dmso, with proton decoupling.
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26a) 300MHz "’h nmr of 3H-f1ecainide in d6-dmso.
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26b) 320MHz nmr of 3H-flecainide in d6-dmso, with proton decoupling.
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27a) 300MHz H^ nmr of 3H-sulpiride in d6-dmso.
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3 327b) 320MHz H-nmr of H-sulpiride in d6-dmso, with proton decoupling.
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28a) 300MHz nmr of 3H-pentamidine in d6-dmso.
\J
V J
10
3 328b) 320MHz H nmr of H-pentamidine in d6-dmso, with proton decoupling.
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28c) 300MHz H nmr of pentamidine hydrochloride in d6-dmso.
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The results of the labeling studies with tritium and 
deuterium are discussed with each drug in turn, together 
with a brief outline of the uses of each d r u g , 3 ' 44 In most 
cases, further information on the drugs can be obtained from 
the Merck Index, 1 .
2 ) Probenecid®
The deuterium and t r i tium experiment proceeded as expected 
with a fair incorporation of deuterium and tritium in the 
o r t h o  position with high regiospecif icity in both 
cases 0 9 8 %) ,
Probenecid is used as a uricosuric drug in the treatment of 
gout, by increasing the excretion of urates by the kidneys, 
and thus lowering the raised uric acid blood level caused by 
gout.
3 ) Hippuric acid
The deuterium experiment gave an excellent incorporation 
(9 8 %), with labeling confined to the o r t h o  position, However 
with tritium, the tritium nmr showed that two positions were 
labeled with about half in the o r t h o  position, and the 
remainder in the methylene, Such a result is not unexpected, 
as the work with phenylacetic acid with tritium showed that
- 3 1 1 -
the methylene group was extensively labeled. It must be 
noted however that the two structures are different in one 
important aspect. In phenylacetic acid, the methylene group 
is attached to the ring, but. in hippuric acid, the amide is 
attached to the ring, hence it is free to form a five 
membered complex with the catalyst, and thus both ring and 
methylene exchange can occur. In phenylacetic acid, the 
complex with the ring would have to be six membered, and 
thus methylene exchange is favoured.
Hippuric acid is present in the urine of most herbivorous 
animals, and is present in small amounts in human urine,
4 ) Fedacromil sodium.
The tritium experiment proceeded as expected with labeling 
shown by tritium nmr to be exclusively in the two chromone 
ring positions, with equal amounts in each position. The 
deuterium experiment was however a little different as the 
mass spectrum indicated that there was more that two 
molecules of deuterium incorporated. The proton nmr showed 
that this was present in the other aromatic position, with 
about 2 0 % incorporation. The signals due to the other two 
chromone protons, were virtually eliminated, giving an 
overall incorporation of 9 2 %.
Fedocrorail sodium is a drug currently being developed by 
Fisons Pharmaceuticals as an anti-inflammatory agent, for a
-3 1 2 -
number of inflammatory conditions such as obstructive 
airways disease.® The deuterium, tritium and carbon - 1 4  
labeled forms of this drug have been previously made by 
Lockley, the tritiated form, using the rhodium trichloride 
method with 9 0 Atom % abundance tritiated water, leading to 
a specific activity of 2 1 .5 C i / m m o l e .® The regioselectivity, 
which was determined by chemical degradation, matched the 
tritium nmr result obtained with 5 0 Ci/cc water—  the label 
was exclusively located in the two positions o r t h o  to the 
carboxyl groups. Hence this is an excellent illustration how 
the specific activity of the reaction can be scaled up, 
without loss of regi o s e l e c t i vi t y , to give specific 
activities high enough for radioimmunoassays.
5 ) Sodium cromoglycate
Both the deuterium and t r i tium experiments gave good 
incorporation of isotope, with high regioselectivity for the 
o r t h o  position in the chromone ring.
Sodium cromoglycate is another drug which has recently been 
developed by Fisons, and Lockley has prepared various 
deuterated and tritiated forms, by a number of different 
methods. As for nedocromil sodium, it has been labeled with 
9 0 Atom % abundance tritiated water by the rhodium 
trichloride method to a specific activity of 1 6 . 6 C i / m m o l e . 77 
However as with nedocromil, the regioselectivity has only 
been determined by degradation, which indicated that the
- 3 1 3 -
regloselectivity was better than 9 8 % o r t h o  to the carboxyl. 
In the current study, the much more convenient method of 
tritium nmr, gave good agreement, with a regioselectivity of 
over 9 8 %. Sodium cromoglycate is a prophylatic anti-alergy 
agent used to treat asthma and other diseases with an 
allergic basis such as rhinitis.
6 ) Etenzaiaide®
This is better known as o-ethoxybenzaiaide and has already 
been studied with tritium, where a regioselectivity for the 
free o r t h o  position was found using tritium nmr. The 
deuterium experiment gave a similar result with a high 
incorporation of d e uterium f o u n d (9 8 %), with the proton nmr 
indicating that it was exclusively found in the free o r t h o  
position.
Etenzamide, is used as a mild pain reliever (analgesic) and 
to reduce a temperature (anti-pyretic), It is however, not 
much used, as drugs such as paracetamol are more effective, 
and are less toxic.
7 ) Fhenacetln3 •
The deuterium experiment gave the expected o r t h o  labeling to 
the anilide directing group, with a good overall 
incorporation of deute r i u m  observed (9 4 %) However with 
tritium, a different result was obtained. When the reaction 
was carried out using the conditions as for the benzoic
- 3 1 4 -
acids in Chapter 2 <3 0 mg rhodium trichloride, 3 Qmg benzoic
acid, lee DMF and 3 pl THO at 1 0 8 °C), unlabeled drug was 
recovered, which was in agreement with the result found with 
acetanilide. However when the conditions were changed to try 
to 'mimic* the deuterium conditions <5 mg rhodium 
trichloride, 8 mg phenacetin, 3 0 jul DMF and 3 jul of THO at 
1 0 8 °C>, labeled drug with a specfic activity of 1 3 0 mCi/mmole 
was isolated with a regioselectivity measured by tritium nmr 
of over 9 8 %. The reason for this change in reactivity is 
unclear, but it probably involves the increase in the ratio 
of water to DMF, making the anilide more susceptible to 
complexation with rhodium trichloride, than was previously 
the case. In view of this result, and the relatively low 
specific activity found in etenzamide, these new conditions 
were used for the tritiation of the remaining drugs, to try 
to get better specific activities, than achieved in the 
earlier parts of the study.
Phenacetin is used as an analgesic and an anti-pyretic. It 
may however on prolonged use, cause kidney damage, and hence 
its use is no longer recommended.
8 ) Niclosamide
The deuterium experiment proceeded as expected, with a 
fairly good incorporation (6 0 %), and good regioselectivity 
<9 8 %), in the two available o r t h o  positions. The compound 
was, however, difficult to purify and the proton spectrum of
(
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the deuterated material shows a number of other weak 
aromatic resonances, which probably are due to decomposition 
products. This conclusion was further substantiated by the 
tritium experiment, as analysis of a tic plate of the crude 
material isolated by solvent extraction, showed that at 
least ten different bands were present, with only a trace of 
the desired compound. Thus this compound is unsuitable for 
this reaction with tritium.
Niclosamide is a drug used to treat parasitic worms in the 
intestine, such as tapeworms, (anthelmintic).
9 ) Sulfanitran
Both the deuterium and t r i t i u m  experiments gave a similar 
result with good incorporation of deuterium (9 0 %) and an 
excellent specific activity with tritium (2 1 7 mCi/mmole) 
recorded. In both cases, however, a reduction in 
regioselecti vity was noted with the position m eta to the 
anilide directing group containing appreciable amounts of 
label. This position was 7 7 % deuterated and in the tritium 
experiment the regioselectivity of o r t h o  labeling had fallen 
to 6 5 %. It is possible the strong electron withdrawing 
nature of the sulphonamido group is making the m eta  
positions susceptible to electrophilic exchange, but this 
does not explain why the other ring is unlabeled so it is 
more likely that the sulphonamido group itself is acting as 
an o r t h o  directing group. It is possible to form a five
- 3 1 6 -
member ed intermediate between the substrate and rhodium 
trichloride, with completing between the nitrogen and the 
o r t h o  position in the ring. This complex could presumably 
only come about by loss of the hydrogen on the nitrogen and 
this could explain why the fully substituted nitrogen in 
probenecid does not direct rhodium trichloride, and lower 
the selectivity of the carboxyl grouping. Such an 
observation on substitution of the amide and aralkylamine 
groupings has been made by Lockley, who noted that complete 
alkyl substitution of the nitrogen destroyed the directing 
ability of the group. A further study on the sulfonamido 
grouping may well be r e w a r d i n g . 10
Sulfanitran, is one of the many sulfonamide drugs available, 
and like most of them, has antibacterial properties.
1 0 ) A n t i p y r i n e 11
This is an example of a substituted anilide drug, and with 
deuterium, this labels as expected, with a good degree of 
incorporation observed in the o r t h o  position, with a 
regioselectivity of 9 8 % or better. However, the tritium 
results show a different pattern of labeling. Despite a good 
specific activity of 9 9 m C i / m m o l e , only 3 2 % of the label is 
found in the o r t h o  position, with the remainder found in the 
vinyl proton. It is not certain why this position should 
label, but it is possible that a five membered complex 
between the carbonyl group and the vinyl position could be
-317-
farmed, and thus exchange could take place. However this 
would still not explain why no deuteriu.m is incorporated in 
this position. A further experiment with equal amounts of 
tritiated water and DMF would perhaps show the same result 
as for deuterium, or alternatively an experiment where the 
concentration of deuterated water is reduced to a tenth of 
that of DMF, may give the same result as observed for
tritium.
Antipyrine is used as an analgesic and anti-pyretic drug,
with many of the same properties and drawbacks as 
phenacetin.
1 1 ) P a r a cetamol 12
In the deuterium experiment, a good incorporation of 
i s o t o p e <9 4 %) and regioselectivity was found with no label 
found in the position adjacent to the hydroxyl group. The 
same result was also found in the tritium experiment, with 
the tritium nmr showing no sign of any label in the position 
adjacent to the hydroxyl group, This is particularly
Interesting as it has been previously observed with both 
deuterium and tritium, that compounds containing strong 
electron donating groups such as hydroxyl and amino, contain 
amounts of electrophi 1 ic promoted label as well as the
expected o r t h o  label.
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Paracetamol is extensively used as a analgesic drug, in many 
caramon painkilling tablets, as a safer alternative to 
asprin. It also has anti-pyretic properties, but unlike 
asprin, it has no anti-inflammatory properties. Anadin and 
Hedex, are just two of the brands which contain paracetamol 
as the active ingredient, and are claimed to avoid the risk 
of damaging the stomach lining, which can happen with asprin 
based tablets.
1 2 ) P h e n y l b u t a z o ne 13
This is another example of a substituted anilide drug, but 
it was more difficult to label than aminopyrine and 
antipyrine. When the reaction was originally performed by 
Lockley, it was found that the drug would undergo 
autooxidation to produce a hydroxylated form, which was 
Isolated in 3 0 % yield. By performing this reaction under 
nitrogen, it was possible to produce o r t h o  deuterated 
phenylbutazone with an enrichment of 4 0 %, All attempts to 
label this drug with t r i t i u m  have failed so far, hence it is 
possible the degradation as well as being catalysed by 
oxygen, is also catalysed by radiation. However it must be 
concluded that if degradation is occurlng with tritiated 
water with a specific activity of only 5 0 Cl/cc, it is 
unlikely that high specific activity phenylbutazone could be 
made by this method.
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Phenylbutazone is an anti-inflammatory drug used to treat 
rheumatic disorders and acute thrombophlebitis. It also has 
analgesic and anti-pyretic properties.
1 3 ) Meto c l o p r a m i de 14
This gave the predicted result with tritium and deuterium, 
with most of the label found o r t h o  to the amide group, but 
with some (1 3% by tritium nmr) found in the other available 
aromatic position. Both the specific activity (5 3 m C i / m m o l e ) 
and extent of deuteration (7 0 %) were acceptably good. The 
lack of regioselectivity was caused by the highly electron 
donating nature of the amino group, which promoted 
electrophilic exchange in the adjacent position. It ought to 
be possible to derivatise this group, to retard its electron 
donating ability, and thus make the reaction r e g i o s p e c i f i c .
Metoclopramide is used to treat nausea and vomiting due to 
drugs, after operations, and radiation sickness.
1 4 ) A m i n o p y r i n e 13
Although the % deuteration and specfic activities recorded 
were good (8 0 %, 1 0 3 mCl/mmole) , the regioselectivity in both
experiments was found to be reduced. In the tritium 
experiment, the nmr showed that only 6 5 % of the tritium was 
present in the o r t h o  ring position, with the remainder in 
the dimethylamino group (1 0%) and in the C-Me position
-3 2 0 -
(2 5 %). The mass s pectrum of deuterated aminopyrine indicated 
that more than two atoms of deuterium were incorporated, and 
on examination of the proton nmr, it can be seen that while 
most of the deuterium is present in the o r t h o  position in 
the ring, some is present in the dimethylamino (1 0 %
enrichment) and in the C-Me <1 0 % enrichment) . Unfortunately, 
it is not clear why these positions exchange, and further 
study on this compound is needed to clear up this point.
Aminopyrine has analgesic and antipyretic properties, but
because it is thought to cause blood disorders, its use is 
no longer recommended.
1 5 ) Cinchocaine
The tritium experiment gave rise to a specific activity of 
8 0 mCi/mmole, and the trit i u m  nmr showed that the compound 
was labeled with a regiospecif ity of over 9 8 %, in the 
position o r t h o  to the amide group. This position was 
particularly easy to spot in the proton spectrum, as it was 
shifted up field from the remaining aromatic signals, and it 
was the only singlet in the aromatic region. The deuterium 
experiment gave a 3 3 % enrichment, with the proton nmr 
indicating that the labeling was also regiospecif ic. This 
result is in contrast to the results with pyridine
carboxylic acids, where instead of labeled products, stable
metal chelates are formed. (Chapter 2 ) . Hence in this case 
the n-butoxy group is either sterically hindering
complexation with the pyridine nitrogen, or changing its 
electronic character, to make it less susceptible to 
chelation.
Cinchocaine, which is usually found as its hydrochloride 
salt, is used as a local anaesthetic, Although it is more 
toxic than procaine or cocaine, it is safer, because its 
local anaesthetic effects are greater, and hence it can be 
used in a lower concentration.
1 6 ) Acec a l n i d e 1®
The deuterium experiment indicated that all four of the 
aromatic positions were equally labeled, with an overall 
incorporation of 8 3 %. However under the tritium conditions, 
the majority of the label was found o r t h o  to the anilide 
grouping (8 1 %) , with the remainder a r t h o  to the amide 
grouping. This suggests that under the tritium conditions, 
the anilide is a faster director than the amide, but as the 
conditions became more aqueous, the two rates equalise out. 
As the conditions move towards a greater concentration of 
DMF, the anilide grouping has already been seen to be 
inactive as a directing group.
Acecalnide, or N-acetylprocainamide, is used to treat 
disorders of the heart rhythm, by lowering a fast heart rate 
to a more normal one, and is hence an example of an anti- 
arrhythmic drug.
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The mass spectrum of the deuterated species indictated that 
the compound was about 1 5 % deuterated, and the proton nmr 
suggests that the proton adjacent to the amide group, is
reduced in intensity. The reason for the low deuterium 
enrichment is thought to be due to the steric hindrance of 
the a r t h a  site by the side chain. Unfortunately it has not
been possible to c o n firm this result with tritium, as
attempts to isolate a tritiated form have failed so far.
Labetalol is a beta-receptor blocking drug, which also will 
block alpha-receptors, producing an opening up of the 
periferal blood vessels. It is used to treat patients with 
raised blood pressure.
1 8 ) FPL 6 2 0 6 4 13
This was one of the examples where a drug containing a 
heterocyclic directing group was studied. The tritium 
experiment showed that 3 7 % of the label was present in the 
o r t h o  position in the ring attached directly to the 
heterocylic ring. The remainder was located in the C- 
olefinic position (5 0 %) and in the o r t h o  position adjacent 
to the NH in the second ring, It is believed that this is 
promoted by electrophilic exchange, and that the olefinic 
proton exchanges by a similar electrophilic process,
promoted by the NH. A similar pattern was seen in the
18) Labetalol1'7
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deuteriura experiment, with substantial amounts of label seen 
in the same positions observed for tritium.
1 9 ) Mefenamic a c i d 13
The deuterium experiment gave 3 0 % deuteration which was 
located a r t h o  to the carboxyl. There was no evidence of any 
electrophilic labeling due to the amino group. In the 
tritium experiment, two signals were observed, with 5 1 % of 
the label located in the expected o r t h o  position. The 
remainder was positioned p a r a  to the amino group, in the 
same ring as the carboxyl group. The reason for the 
difference between the two results is not clear, but it must 
involve the different isotoplc water to DMF ratios used in 
the two experiments, and an experiment where identical 
conditions are used may throw some light on the matter,
Mefenamic acid is used as a mild pain reliever and to bring 
down a high temperature. It is as potent as asprin, and has 
a weak anti-inflammatory action, making it useful in 
treating rheumatic disorders.
2 0 ) Fhthalylsulfathiazole
This compound was found to be unstable when a deuterium 
exchange reaction was attempted, as none of the starting 
material was isolated f rom the reaction mixture. It is hence 
concluded that this drug cannot be labeled by direct 
hydrogen isotope exchange with rhodium trichloride.
-324-
Phthalylsulfathiazole is another of the sulphonamide drugs 
and is used as an anti-bacterial agent, particularly in 
infections of the bowel.
2 1 ) Phthalylsulfacetamide
This gave the same result as phthalylsulfathiazole, as the 
drug decomposed in both the tritium and deute r i u m  exchange 
experiments. Like p h t h a l y l sulfathiazole, it is used as an 
anti-bacterial agent.
2 2 ) Flufenamic acid 2 0
The compound was labeled to a good specific activity, 
<1 1 4mCi/mmole) but only 5 1 % of the label was in the expected 
o r t h o  position to the carboxyl group. The remainder was 
located in two sites, which are difficult to identify from 
the nmr, but it is likely that the two sites are p a r a  to the 
amino group in the first ring, and o r t h o  to the amino group 
in the second ring. These positions are both activated to 
electrophilic exchange by the amino group.
Luz has carried out some deuterium nmr studies on 
flufenamates, with different labeling patterns, and one of 
the methods of labeling used was rhodium trichloride 
catalysed exchange with d e uterium oxide. In his work, p -  
dioxan was used as solvent, instead of DMF, and this led to 
exchange in the positions o r t h o  and met-a to the carboxyl 
group. No label was detected in any other p o s i t i o n . 21
This work is of particular Interest, as Lockley has found 
that the specificity of labeling of the rhodium trichloride 
exchange, with benzoic acid, is reduced if solvents other 
than DMF are used. Hence if DMF is replaced by DMSO, the 
regiospecificity for o r t h o  labeling falls to 8 0 %, and if 
glacial acetic acid is used, the regioselectivity disappears 
a l t o g e t h e r , 2 2  Thus it is likely that the difference in 
solvent may be responsible for the different results. 
However it may equally be caused by the difference in 
reaction conditions between deuterium and tritium.
Flufenamic acid has analgesic and anti-inflammatory 
properties, but is not as potent as asprin, and has more 
side effects.
2 3 ) Procainamide 2 3
Only an experiment with t r i tium was conducted on this 
compound, with a regiospecificity for o r t h o  labeling of over 
9 8 % observed. No resonances corresponding to exchange in the 
m eta position caused by electrophilic labeling could be seen 
in the tritium nmr.
Procainamide is used as an anti-arrhythmic drug for treating 
disorders of the heart rhythm.
24) Alpidem
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This compound was only tested with tritium, and an excellent 
incorporation was found with a specific activity of 
6 5 4 mCi/mmole. Tritium nmr showed that the label was located 
iii two positions, 5 7 % m eta to the to the chlorine in the 
benzene ring, and hence o r t h o  to the nitrogen in the five 
membered heterocylic ring. The remainder was located in the 
methylene group adjacent to the amide group. This is another 
example where a heterocylic group can be used as an o r t h o  
directing group, in addition to the carboxyl, amide, 
aralkyamine and anilide groups in aromatic systems. The 
labeling of the methylene group is not surprising, as the 
study on phenylacetic acid, shows that this position is very 
susceptible to exchange. Hence the overall labeling pattern 
in the molecule is determined by the relative rates of the 
two processes, and the incorporations found would suggest 
that the rates are fairly similar.
J
Alpidem, is a novel non-benzodiazepine drug, which has been 
shown to interact with benzodiazepine receptors. It is 
currently being developed by the L . E . R . S . , Bagneux, France, 
for use as an anxiolytic agent. Allen has synthesised the 
drug at high specific activity by a multi-step synthesis, 
with the label Introduced by a catalytic debromination with 
tritium gas.24* The position of labeling was m eta to the 
chlorine in the benzene ring. Thus, it should be passible ta 
produce the same specificity of labeling in just two stages, 
by performing the exchange process with high specific
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a c t i v i t y  w a t e r ,  a n d  t h e n  r e m o v i n g  t h e  t r i t i u m  i n  t h e  
m e t h y l e n e  p o s i t i o n  b y  b a s e  c a t a l y s e d  e x c h a n g e ,  a s  t h e  a m i d e  
g r o u p  a c t i v a t e s  t h e s e  p r o t o n s  a n d  m a k e s  t h e m  f a i r l y  a c i d i c ,  
a n d  s u i t a b l e  f o r  b a s e  c a t a l y s e d  e x c h a n g e .  I t  m u s t  b e  n o t e d ,  
h o w e v e r ,  t h a t  t h e  s p e c i f i c  a c t i v i t y  a c h i e v a b l e  b y  t h i s  
m e t h o d  w i l l  n o t  b e  a s  h i g h  a s  t h e  d e b r o m i n a t i o n  m e t h o d ,  b u t  
i t  s h o u l d  b e  h i g h  e n o u g h  f o r  a  r a d i o i m m u n o a s s a y ,
2 5 )  Z o l p i d e m
T h i s  i s  a n o t h e r  o f  t h e  n o n —b e n z o d i a z e p i n e  d r u g s  c u r r e n t l y  
b e i n g  d e v e l o p e d  b y  t h e  L .  E .  R,  S .  , f o r  u s e  a s  a  h y p n o t i c  
a g e n t .  I t s  s t r u c t u r e  i s  v e r y  c l o s e l y  r e l a t e d  t o  a l p i d e m ,  a n d  
a s  a  r e s u l t  h a s  b e e n  l a b e l e d  b y  t h e  s a m e  c a t a l y t i c  
d e b r o m i n a t i o n  m e t h o d ,  i n  t h e  s a m e  p o s i t i o n ,  a n d  t o  a  s i m i l a r  
s p e c i f i c  a c t i v i t y  b y  A l l e n . 2 3  H e n c e  i t  c a m e  a s  n o  g r e a t  
s u r p r i s e  t h a t  r h o d i u m  t r i c h l o r i d e  c a t a l y s e d  e x c h a n g e  g a v e  a  
p r a c t i c a l l y  i d e n t i c a l  r e s u l t  t o  a l p i d e m .  T h e  s p e c i f i c  
a c t i v i t y  r e c o r d e d  w a s  6 0 6 m C i / m m o l e , w i t h  5 6 %  f o u n d  i n  t h e  
o r t h o  p o s i t i o n  a n d  t h e  r e m a i n d e r  f o u n d  i n  t h e  m e t h y l e n e  
g r o u p .
2 6 )  F l e c a i n i d e 2 3
L i k e  t h e  p r e v i o u s  t w o  d r u g s  d i s c u s s e d ,  t h i s  w a s  s t u d i e d  o n l y  
w i t h  t r i t i u m .  T h e  s p e c i f i c  a c t i v i t y  r e c o r d e d  w a s  o n l y  
3 4 m C i / m m o l e , a n d  t h e  y i e l d  o b t a i n e d  < 17 % ) , i n d i c a t e d  t l i a t  a  
s u b s t a n t i a l  a m o u n t  o f  d e c o m p o s i t i o n  o c c u r e d  i n  t h e  r e a c t i o n .  
H o w e v e r ,  d e s p i t e  t h e  l o w  s p e c i f i c  a c t i v i t y  a n d  l o w  y i e l d ,
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t h e  t r i t i u m  n m r  s h o w e d  t h a t  t h e  l a b e l  w a s  p r e s e n t  i n  j u s t  
o n e  p o s i t i o n ,  w h i c h  w a s  i d e n t i f i e d  t o  b e  o r t h o  t o  t h e  a m i d e  
g r o u p ,  a n d  t h u s  w h e r e  e x p e c t e d .
F l e c a i n i d e  w h i c h  i s  n o r m a l l y  u s e d  a s  t h e  a c e t a t e  s a l t ,  i s  
a n o t h e r  o f  t h e  c a r d i a c  d e p r e s s a n t  a n t i - a r r h y t h m i c  d r u g s ,  
u s e d  t o  t r e a t  d i s o r d e r s  o f  t h e  h e a r t ,
2 7 )  S u l p i r i d e 277
T h i s  g a v e  a  s p e c i f i c  a c t i v i t y  o f  7 2 m C i / m m o l e  a n d  t h e  t r i t i u m  
n m r  s h o w e d  t h a t  t h e  l a b e l  w a s  p r e s e n t  i n  t w o  p o s i t i o n s ,  5 0 %  
w a s  l o c a t e d  i n  t h e  a r o m a t i c  r i n g ,  o r t h o  t o  t h e  s u l p h o n a m i d o  
g r o u p ,  w i t h  t h e  r e m a i n d e r  s o m e w h e r e  i n  t h e  a l i p h a t i c  s i d e  
c h a i n .  H e n c e  t h i s  r e s u l t  p r o v i d e s  f u r t h e r  e v i d e n c e  t h a t  t h e  
s u l p h o n a m i d o  g r o u p  i s  c a p a b l e  o f  a c t i n g  a s  a n  o r t h o  
d i r e c t i n g  g r o u p ,  a n d  i t  a l s o  s u g g e s t s  t h a t  i t  i s  a  v e r y  m u c h  
f a s t e r  d i r e c t o r  t h a n  t h e  a m i d e  g r o u p ,  a s  t h e r e  i s  n o  
e v i d e n c e  o f  a n y  t r i t i u m  o r t h o  t o  t h e  a m i d e  g r o u p .  I t  i s  n o t  
p o s s i b l e  t o  d i s t i n g u i s h  e x a c t l y  w h e r e  t h e  a l i p h a t i c  l a b e l  i s  
p r e s e n t  d u e  t o  t h e  g r e a t  c o m p l e x i t y  o f  t h e  s p e c t r u m ,  b u t  i t  
i s  l i k e l y  t h a t  i t  i s  l o c a t e d  i n  t h e  m e t h y l e n e  a d j a c e n t  t o  
t h e  a m i d e  g r o u p ,  a s  i s  f o u n d  w i t h  h i p p u r i c  a c i d .
S u l p i r i d e  i s  u s e d  a s  a n  a n t i - d e p r e s s a n t  d r u g ,  i t s  p a r t i c u l a r  
a c t i o n  b e i n g  p s y c h o t r o p i c .  I t  i s  a l s o  u s e d  a s  a  d i g e s t i v e  
a i d .
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2 8 )  P e n t a m i d i n e
T h i s  i s  a  p a r t i c u l a r l y  i n t e r e s t i n g  e x a m p l e  w i t h  r e g a r d  t o  
b o t h  t h e  l a b e l i n g  r e s u l t ,  a n d  a l s o  t o  i t s  m o s t  r e c e n t  u s e .  
T h e  l a b e l i n g  s t u d y ,  w a s  p e r f o r m e d  w i t h  t r i t i u m ,  a n d  a  
s p e c i f i c  a c t i v i t y  o f  9 0 m C i / m m o l e  w a s  a c h i e v e d ,  w i t h  a l l  t h e  
l a b e l  f o u n d  a d j a c e n t  t o  t h e  a m i d i n e  g r o u p .  T h e  a m i d i n e  
g r o u p ,  i s  t h u s  y e t  a n o t h e r  g r o u p  w h i c h  w i l l  a c t  a s  a  
d i r e c t o r  f o r  r h o d i u m  t r i c h l o r i d e ,  w i t h  v e r y  h i g h  
r e g i o s p e c f  i c i t y .
P e n t a m i d i n e  w a s  d e v e l o p e d  5 0  y e a r s  a g o  a s  a  d r u g  t o  t r e a t  
p r o t o z o a l  d i s e a s e s  ( t h o s e  c a u s e d  b y  a  s i n g l e  c e l l  o r g a n i s m )  , 
s u c h  a s  s l e e p i n g  s i c k n e s s ,  a m e b i c  d y s e n t r y  a n d  m a l a r i a .  
H o w e v e r ,  t h e r e  h a s  r e c e n t l y  b e e n  a n  u p s u r g e  o f  i n t e r e s t  i n  
t h e  d r u g ,  a s  t e s t s  h a v e  s h o w n  t h a t  i t  i s  e f f e c t i v e  i n  
p r e v e n t i n g  p n e u m o c y s t i c  c a r i n i i  p n e u m o n i a  ( P C P ) , a  l u n g  
i n f e c t i o n  w h i c h  i s  a  l e a d i n g  c a u s e  o f  A i d s - r e l a t e d  d e a t h s .  
I t  i s  c u r r e n t l y  u n d e r g o i n g  t r i a l s  d e s i g n e d  t o  l o o k  m o r e  
c l o s e l y  a t  i t s  b e n e f i c a l  e f f e c t s  a n d  a l s o  t o  s e e  i f  i t  c a n  
b e  s a f e l y  a d m i n i s t e r e d  t o  p a t i e n t s  l o n g  t e r m . 2 0
2 9 )  A l n o v l n
N o  l a b e l e d  d r u g  w a s  i s o l a t e d ,  e i t h e r  b y  a  s o l v e n t  e x t r a c t i o n  
p r o c e d u r e ,  o r  b y  t i c  o n  t h e  r e a c t i o n  m i x t u r e ,  w h i c h  
i n d i c a t e s  t h a t  t h e  d r u g  i s  u n s t a b l e  u n d e r  t h e  r e a c t i o n  
c o n d i t i o n s .
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A l n o v i n  i s  u s e d  a s  a  c a r d i a c  d e p r e s s a n t  a n t i - a r r h y t h m i c  
d r u g ' .
H e n c e  t o  s u m m a r i s e ,  t h e  r h o d i u m  t r i c h l o r i d e  m e t h o d  c a n  b e  
u s e d  t o  l a b e l  a  w i d e  r a n g e  o f  d r u g s  a n d  m e t a b o l i t e s ,  w i t h  
h i g h  r e g i o s p e c i f i c i t y  i n  m a n y  c a s e s .  A l a r g e  c r o s s  s e c t i o n  
o f  s t r u c t u r e s  h a v e  b e e n  l o o k e d  a t ,  a n d  i n  m o s t  c a s e s ,  a s  
l o n g  a s  o n e  o f  t h e  k n o w n  d i r e c t i n g  g r o u p s  i s  p r e s e n t  i n  t h e  
s t r u c t u r e ,  o r t h o  e x c h a n g e  w i l l  t a k e  p l a c e .  O f  t h e  2 9  d r u g s  
t e s t e d ,  o n l y  t w o  c o u l d  n o t  b e  l a b e l e d  w i t h  e i t h e r  d e u t e r i u m  
o r  t r i t i u m .  A f u r t h e r  t h r e e  c o u l d  b e  d e u t e r a t e d ,  b u t  n o t  
t r i t i a t e d ,  d u e  t o  d e c o m p o s i t i o n ,  b u t  t h i s  s t i l l  m e a n s  t h a t  
o v e r  8 2%  o f  t h e  d r u g s  l o o k e d  a t  w e r e  s u c c e s s f u l l y  l a b e l e d .
T h e  r e g i o s e l e c t i v i t y  o f  l a b e l i n g  ■a p p e a r s  t o  b e  h i g h e r  w i t h  
d e u t e r i u m ,  h e n c e  i t  w o u l d  b e  w o r t h  l o o k i n g  f u r t h e r  a t  t h e  
e f f e c t  o f  t h e  i s o t o p i c  w a t e r  t o  DMF r a t i o  f u r t h e r  t o  t r y  t o  
i m p r o v e  t h e  r e g i o s e l e c t i v i t y  o f  s a m e  o f  t h e  t r i t i a t e d  
c o m p o u n d s .
H a v i n g  s a i d  t h a t ,  h o w e v e r ,  i t  s h o u l d  b e  n o t e d  i n  m o s t  c a s e s ,  
t h a t  t h e  l o s s  o f  r e g i o s e l e c t i v i t y  o c c u r s  i n  c o m p o u n d s  
c o n t a i n i n g  s t r o n g  e l e c t o n  d o n a t i n g  g r o u p s ,  s u c h  a s  a m i n o  a n d  
h y d r o x y ,  a n d  i f  t h e s e  g r o u p s  w e r e  d e r i v a t i s e d  b e f o r e h a n d ,  i t  
c o u l d  b e  t h a t  t h e s e  d r u g s  w o u l d  t h e n  l a b e l  
r e g i o s p e c i f i c a l l y .
T h e  i n c o r p o r a t i o n  o f  d e u t e r i u m  i n  m o s t  c a s e s  w a s  v e r y  h i g h ,  
w i t h  m a n y  o f  t h e  d r u g s  h a v i n g  e n r i c h m e n t s  o f  o v e r  5.0%, a n d  a  
n u m b e r  w i t h  e n r i c h m e n t s  o v e r  9 0 % ,  i n  a  s i n g l e  c y c l e  o f  
e x c h a n g e .  S t e r i c  e f f e c t s ,  a s  e x p e c t e d ,  d i d  r e d u c e  t h e
i n c o r p o r a t i o n ,  b u t  t h e  e f f e c t  o f  l a r g e  n u m b e r s  o f  l a b i l e  
h y d r o g e n s  d i d  n o t  h a v e  a n y  g r e a t  e f f e c t ,  a s  t h e  d e u t e r i u m  
o x i d e  w a s  i n  g r e a t  e x c e s s ,
W i t h  t r i t i u m ,  v e r y  s a t i s f a c t o r y  s p e c i f i c  a c t i v i t i e s  w e r e '  
o b t a i n e d  i n  m o s t  c a s e s ,  o f t e n  w i t h  v a l u e s  o f  o v e r  
l O O m C i / m m o l e . I n  t w o  c a s e s ,  z o l p i d e m  a n d  a l p i d e m ,  
e x c e p t i o n a l l y  g o o d  v a l u e s  o f  o v e r  © O O m C i / m m o l e  w e r e  
a c h i e v e d .  S t e r i c  h i n d r a n c e ,  a s  e x p e c t e d ,  d i d  h a v e  t h e  e f f e c t  
o f  r e d u c i n g  t h e  s p e c i f i c  a c t i v i t y  i n  s o m e  c a s e s ,  a n d  w h e r e  
l a r g e  n u m b e r s  o f  l a b i l e  h y d r o g e n s  w e r e  p r e s e n t ,  t h e  s p e c i f i c  
a c t i v i t y  w a s  a g a i n  r e d u c e d .  H o w e v e r  t h i s  i s  n o t  o n l y  a  
p r o b l e m  o f  t h i s  r e a c t i o n ,  a s  i t  o c c u r s  i n  a n y  h y d r o g e n  
e x c h a n g e  r e a c t i o n ,  a n d  i s  a l s o  a  p r o b l e m  i n  c a t a l y t i c  
d e h a l o g e n a t i o n  a n d  r e d u c t i o n  r e a c t i o n s  w i t h  t r i t i u m  g a s .
I t  h a s  a l r e a d y  b e e m  i l l u s t r a t e d  b y  L o c k l e y  t h a t  t h e  m e t h o d  
c a n  b e  u s e d  t o  l a b e l  n e d o c r o m i l  s o d i u m  a n d  s o d i u m  
c r o m o g l y c a t e  t o  o v e r  l O C i / m m o l e  u s i n g  9 0 %  a t o m  a b u n d a n c e  
w a t e r ,  t h u s  i t  s h o u l d  b e  p o s s i b l e  t o  u s e  t r i t i u m  o x i d e  o f  
t h i s  a c t i v i t y ,  t o  p r o d u c e  m a n y  m o r e  l a b e l e d  d r u g s  w i t h  
s p e c i f i c  a c t i v i t i e s  o f  o v e r  l O C i / m m o l e , m a k i n g  t h e m  a c t i v e  
e n o u g h  f o r  r a d i o i m m u n o a s s a y s . ® ' 2
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